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Summary                    
Summary 
    Due to the rapid urban and industrial development worldwide, large amounts of 
chemicals are being used and subsequently released into the natural environment. 
Many control technologies, such as physical adsorption, chemical decomposition and 
bio-degradation, are available to remove these contaminants. Among various treatment 
technologies, considerable attention has been given to photocatalytic degradation of 
contaminants by semiconductor photocatalysts due to several advantages, such as 
complete mineralization of organic compounds, minimization of waste disposal 
problems and cost reduction. TiO2 has been proven to be the most suitable 
photocatalyst for widespread environmental applications due to many merits. TiO2 
photocatalysis is a well established advanced oxidation process for the purification of 
contaminated air and wastewater streams and such applications have been well 
documented over the last two decades. 
    However, some disadvantages of bare TiO2 nanoparticles impede its application as a 
photocatalyst in wastewater treatment process. First, due to the aggregation of TiO2 
nanoparticles in aqueous phase, the effective surface area and photocatalytic activity 
decay rapidly. Second, the non-porous nature of TiO2 nanoparticles leads to low 
specific surface area and adsorption capacity for organic contaminants, thus a low 
photocatalytic activity. In addition, the issues of catalyst recovery and possible reuse 
have largely hindered the commercialization of TiO2 photocatalyst. Extensive research 
has been carried out to enhance the surface area and improve the photocatalytic 
property of TiO2, whereas many issues still need to be addressed for maximum 
utilization of the supported catalysts. For example, the effect of the support 
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 viii
morphology on photocatalytic activity of synthesized catalyst and the separation and 
reuse of TiO2 photocatalysts are rarely investigated. 
In this thesis work, the dispersion of TiO2 nanoparticles in aqueous phase was 
studied. The spontaneous particle aggregation was confirmed and it could result in low 
photocatalytic reaction rate due to less effective surface area. Two strategies, namely 
varying solution pH and surface modification by polyelectrolyte, were applied to 
prevent particle agglomeration. In addition, four porous materials, zeolite, Al-pillared 
Montmorillonite clay, mesoporous MCM-41 and SBA-15 silicates were used to 
synthesize supported TiO2 catalysts in order to obtain large surface area and improved 
photocatalytic activity. The results showed that the moderate adsorption was desirable 
for photocatalytic reaction and external surface of support was more important for 
supported photocatalyst due to less mass transfer resistance and easy light 
accessibility. The non-porous silica microsphere was also used to prepare photocatalyst 
with core/shell structure. Furthermore, the Pt nanoparticles were evenly dispersed on 
TiO2 shell by a self assembly method to enhance the photocatalytic activity of 
SiO2/TiO2 core/shell photocatalyst. In addition to the photocatalytic activity, separation 
of photocatalyst from reaction media by sedimentation was investigated and reuse of 
supported TiO2 catalysts was studied as well. The prepared core/shell photocatalyst 
showed good photocatalytic activity and excellent separation ability. 
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Due to the rapid urban and industrial development worldwide, increasing amounts 
of chemicals are being used and subsequently released to the natural environment. 
Many of these chemicals are harmful to both the environment and the human beings. 
Public awareness of water pollution has increased and stringent environmental 
regulations are being established and implemented to control the emission of the 
pollutants in air and water. To control water quality, many technologies have been 
applied to remove water contaminants. Several treatment technologies available to 
treat polluted water according to the property of pollutants are listed in Figure 1.1.   
     An ideal wastewater treatment process should be able to accomplish complete 
mineralization of all the toxic species in water without producing any harmful 
intermediates and effluents, and be cost-effective. However, at present none of the 
methods shown in Figure 1.1 can meet all the requirements mentioned above. For the 
phase separation techniques, contaminants are transferred from one phase to another 
while the pollutants have actually not been removed. The incineration of organic 
wastes is a widely practiced method. This in principle should destroy the toxic 
pollutant completely, but the incineration of many hazardous organic wasters releases 
other toxic species into the air (Benestad et al., 1990). 
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Figure 1.1 Different waste treatment technologies currently used in environmental 
engineering (Chandrasekharaiah et al., 1994). 
     
      Therefore, incineration as practiced today is not an ideal wastewater treatment 
process. The technologies of chlorination and ozonation are commonly used in 
treatment of tap water while the residual chemicals might react with pollutants and 
harmful intermediates could be released. While biotreatment of municipal wastewater 
has been practiced, it is not a common method for industrial wastewater 
(Chandrasekharaiah et al., 1994). Recently, the development in the domain of chemical 
water treatment has led to an improvement in oxidative degradation of organic 
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methods (Legrini et al., 1993). These methods are generally known as advanced 
oxidation processes (AOP). 
1.2 Application of photocatalyst TiO2 in wastewater treatment 
AOPs, during which ultraviolet light (UV) is used with the aid of oxidants 
(hydrogen peroxide, ozone) and semiconductors to form hydroxyl radical, are able to 
degrade a wide variety of organic pollutants and microbial substances at a measurable 
rate to a negligible concentration levels. The suitability of AOPs for aqueous pollutant 
degradation was recognized in the early 1970s and much research and development 
work has been undertaken to commercialize some of these processes. The currently 















/UV and vacuum ultra violet (VUV) processes (Legrini et al., 
1993). The reaction mechanism of AOPs are basically the imitation of natural photo-
reaction, which takes place in water or the earth’s atmosphere under sunlight 
illumination. The AOPs are characterized by the formation of the highly oxidative 
hydroxyl radical (OH
•
) or superoxide (O
2
•-
) at ambient temperature. The hydroxyl 
radical (OH
•
) has an unpaired electron and this strong electrophilic character makes it a 
highly reactive transient oxidant. Table 1.1 shows that the hydroxyl radical is a very 
powerful oxidizing species, therefore able to oxidize a large number of recalcitrant 
molecules. 
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Table 1.1 Oxidation potentials of some oxidants (Legrini et al., 1993). 
 
Species Oxidation potential (V) 
Fluorine 3.03 
Hydroxyl radical 2.80 
Atomic oxygen 2.42 
Ozone 2.07 
Hydrogen peroxide 1.78 
Perhydroxyl radical 1.70 
Permanganate 1.68 
Hypobromous acid 1.59 
Chlorine dioxide 1.57 
Hypochlorous acid 1.49 




     
    The AOPs can be more appealing than the conventional chemical oxidation methods 
due to the following advantages (Zielińska et al., 2003):  
• All organic contaminants dissolved or dispersed in water are completely 
mineralized due to the strong oxidative capacity of hydroxyl radical. 
• There is no waste disposal problem since the process effluents (water, carbon 
dioxide and inorganic salt) are environmentally benign. 
• Low energy UV-A light is required for catalyst activation, and even solar light 
can be used. 
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• Air can be used as oxidant and no other expensive oxidant is needed. 
• Only mild temperature and pressure are needed.  
• It is comparable economically with activated carbon adsorption (Ollis et al., 
1989; Miller and Fox, 1993).  
 
Therefore, the AOPs are widely applied for the purification of contaminated air and 
wastewater streams. Among the AOPs, photocatalytic oxidation assisted by 
semiconductor photocatalyst has received considerable attention in recent years to 
decompose toxic organic compounds and remove some metal ions due to its unique 
features (Bissen et al., 2001). Many semiconductors, such as TiO2, ZnO, ZnS, WO3, 
CdS, Fe2O3 (Kuo et al., 2007; Yin et al., 2001; Keller et al., 2003; Kumar et al., 2003; 
Dhananjeyan et al., 2001), have been investigated in the literature in photocatalytic 
process. The bandgap energies of several semiconductor photocatalysts are listed in 
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Table 1.2 Bandgap energies of semiconductor photocatalysts (Zhou, 2007). 
 
Semiconductor Bandgap (eV) Wavelength (nm) Energy (kcal/mol) 
SnO2 3.8 326 87.7 
ZnS 3.6 344 83.1 
ZnO 3.2 388 73.8 
WO3 3.2 388 73.8 
TiO2 3.2 388 73.8 
SrTiO3 3.2 388 73.8 
SiC 69.2 3.0 413 
CdS 2.5 496 57.5 
Fe2O3 2.3 539 53.1 
GaP 2.25 551 51.9 
CdSe 1.7 730 39.2 
 
Semiconductors with low bandgap energies are desired in order to utilize the solar or 
UV light. However, low-bandgap-energy semiconductors usually suffer from serious 
stability problems. This kind of semiconductor shows a tendency towards photoanodic 
corrosion. For example, the p-type semiconductors usually possess small bandgap 
while most of them suffer serious stability problems. Therefore, p-type semiconductors 
are rarely used as a photocatalyst. It is generally found that only n-type semiconductor 
oxides are stable towards photoanodic corrosion although such semiconductors usually 
have large bandgap energy, thus they can only absorb UV light (Mills et al., 1993; 
Mills and Hunte, 1997).  
It has been reported that ZnO is an efficient catalyst for the photodecomposition of 
organic pollutants. However, unlike TiO2, ZnO shows appreciable instability during 
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irradiation, resulting in the deactivation over time (Carrway et al., 1994; Hoffmann et 
al., 1995; Litter, 1999). CdS photocatalyst has been extensively studied due to its 
spectral response to longer wavelength in the solar spectrum. However, photo-
corrosion has hindered its wide application (Davis and Huang, 1991; Reutergardh and 
Iangphasuk, 1997). WO3 and Fe2O3 also show good adsorption in the visible range 
while both of them possess less photocatalytic activity than TiO2 (Khalil et al., 1998; 
Ohno et al., 1998; Fox and Dulay, 1993). ZnS photocatalysts have not received much 
attention since they show poor photocatalytic activity and photo-stability (Zhou, 2007).  
Therefore, enormous effort has been devoted to the degradation of organic 
pollutants present in wastewater using irradiated dispersions of titanium dioxide since 
Fujishima and Honda discovered the phenomenon of photocatalytic splitting of water 
on a TiO2 electrode under ultraviolet (UV) light (Fujishima and Honda, 1972; Ollis et 
al., 1989; Zhang et al., 1998; Konstantinou and Albanis, 2004; Lee et al., 2004). 
Titanium dioxide can exist in one of three bulk crystalline forms: anatase, rutile and 
brookite. The crystalline forms of TiO2 can be transformed from anatase to rutile at 
elevated temperature (>700 ºC) although this phase change is often accompanied by 
extensive sintering. As a consequence, rutile usually has a much lower specific surface 
area (by a factor of 10 or more) than anatase from which it was derived. The brookite 
structure is not often used for experimental investigations due to its instability at a 
wide range of temperature (So et al., 2001). Both the rutile and anatase crystal 
structures are in distorted octahedron classes (Ollis et al., 1989). In rutile, slight 
distortion from orthorhombic structure occurs, where the unit cell is stretched beyond a 
cubic shape. In anatase, the distortion of the cubic lattice is more significant, and thus 
the resulting symmetry is less orthorhombic. Figure 1.2 depicts the distorted octahedral 
symmetries characteristic of rutile (left) and anatase (right).  
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Figure 1.2 Bulk crystal structure of rutile (left) and anatase (right) (Thompson and 
Yates, 2006). 
     
TiO2 has been proven to be the most suitable for widespread environmental 
applications due to its many merits as delineated below:  
• TiO2 possesses good optical and electronic properties. 
• The catalyst is cheap, non-toxic, stable, biologically and chemically inert, 
insoluble under most conditions and reusable.  
• It is commercially readily available and cost-effective. 
• TiO2 photocatalyst shows a higher photocatalytic activity in comparison with 
other photocatalysts.  
 
However, the widespread commercialization of TiO2-assisted photocatalytic 
degradation process depends on solution of several key problems. First, the particle 
size of TiO2 catalysts tends to decrease since the higher photocatalytic efficiency is 
observed with the large surface-to-volume ratio (Fox and Dulay, 1993; Linsebigler et 
al., 1995; Peng et al., 2005; Yu and Xu, 2007). However, the fine particulate could 
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agglomerate in suspension due to relatively high surface energy, resulting in the 
decrease of photocatalytic activity (Yaremko et al., 2001; Yaremko et al., 2006). 
Second, TiO2 possesses polar surface and is not, itself, a good adsorbent for non-polar 
organic contaminants (Xu and Langford, 1995; Lepore et al., 1996). Moreover, the 
non-porous structure of TiO2 particles offers limited surface area for adsorption of 
target compound (Torimoto et al., 1997). On the other hand, the concentration of the 
contaminants typically is at a low concentration (ppm or less), and pre-concentration of 
these contaminants on the TiO2 surface where photons are adsorbed is a desirable 
feature for effective photodegradation (Bhattacharyya et al., 2004). Finally, for the 
TiO2 nanopowder, the issues of catalyst recovery and possible reuse have largely 
hindered its commercialization (Yuan et al., 2005; Yu and Xu, 2007). Therefore, the 
further study is required to improve the performance of TiO2 photocatalyst. 
1.3 Objectives of the project 
   Under such a background, the aims of present Ph.D thesis work were delineated as 
follows: 
• Particle dispersion of TiO2 nanoparticles in aqueous phase was studied and the 
effect of particle spontaneous aggregation on its photocatalytic activity was 
also evaluated. Two strategies were proposed to minimize aggregation of TiO2 
nanoparticles in aqueous phase so as to improve its adsorption capacity towards 
organic compounds, thus to enhance the photocatalytic activity of TiO2 
nanoparticles as a whole. 
• Three porous materials, β-Zeolite, Al-pillared Montmorillonite and MCM-41 
were used to synthesize supported photocatalyst. The study aims to enhance 
adsorption capacity of photocatalyst and to examine the effect of adsorption on 
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photocatalytic reaction. In addition, the mineralization process of orange II was 
investigated in present of hydrogen peroxide and ozone. 
• The influence of structure of porous materials on photocatalytic activity of 
supported TiO2 photocatalyst was studied. Two batches of titanium-containing 
SBA-15 catalysts were prepared by two methods in order to evaluate the role of 
external surface of support in photocatalytic reaction. 
• The core/shell SiO2/TiO2 photocatalyst, with good photocatalytic activity and 
easy separation ability, was prepared and enhanced photocatalytic activity was 
obtained by monodisperse Pt nanoparticles. The separation of supported TiO2 
photocatalyst from reaction media by sedimentation was investigated as well. 
1.4 Structure of thesis 
The thesis is organized into eight chapters. With a brief introduction and a summary 
of the objectives of this project in Chapter 1, a detailed literature review on the 
mechanism of photocatalytic degradation of organic contaminants over TiO2 
photocatalyst, the particle dispersion in aqueous phase, roles of support on adsorption 
ability and photocatalytic activity of TiO2 supported catalysts, and catalyst reuse is 
given in Chapter 2. The detailed experimental methods and chemicals used are given 
in Chapter 3, followed by the main work of the thesis in subsequent chapters. In 
Chapter 4, the particle dispersion of commercial TiO2 photocatalyst (P25, Degussa) in 
aqueous phase is examined. The spontaneous aggregation is eliminated by varying the 
solution pH and polyelectrolyte modification and the subsequent photocatalytic 
activity of P25 under various experimental conditions is evaluated. Chapter 5 describes 
the photocatalytic degradation of orange II over supported catalysts and P25. The 
effect of support on adsorption and photocatalytic activity of TiO2 supported catalysts 
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is discussed and the roles of solution pH, H2O2 and O3 are examined. In Chapter 6, Ti-
SBA-15 photocatalyst is characterized and the influence of titanium loading on its 
photocatalytic activity is discussed. In Chapter 7, the photocatalytic performance of 
core/shell SiO2/TiO2 catalyst is evaluated and the enhancement of photoactivity of 
core/shell SiO2/TiO2 catalyst is obtained by monodisperse of Platinum nanoparticles. 
The possible reuse of supported catalysts is also discussed. Finally, conclusions of the 
present work and suggestions for future work are presented in Chapter 8. 
 
 




2.1 Principles of semiconductor photocatalysis 
    Photocatalysis can be defined as “A change in the rate of chemical reactions or their 
generation under the action of light in the presence of substances- called 
photocatalysts- that absorb light quanta and are involved in the chemical 
transformations of the reactants” (Hagen, 2006). Semiconductors are particularly 
useful as photocatalysts due to a favorable combination of electronic structure, light 
adsorption property, charge transport characteristic, and excited-state lifetime (Lewis 
and Rosenbluth, 1989). The basic principles of the semiconductor photocatalysis are 
presented in the following sections. 
2.1.1 Radiation source 
    Semiconductors have unique electronic structures where the lowest unoccupied 
energy level (conduction band) is separated from the highest occupied energy level 
(valence band) by an energy gap (Rajh et al., 2003).  This energy gap is called bandgap 
energy, Ebg, which is usually in the order of a few electron-volts. When the 
semiconductor is illuminated by the light of a suitable energy, it could be activated by 
absorption of a photon which results in the promotion of an electron, e-, from the 
valence band into the conduction band; meanwhile, a hole, h+, is produced in the 
valence band.  
+−≥ +⎯⎯ →⎯ heystphotocatal bgph EE                                                             (2.1) 
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    The holes and electrons generated then migrate to the surface of the semiconductor 



















Figure 2.1 Salient features of the electronic structures of semiconductors. 
 
    The knowledge of the band edge position is particularly useful in the discussion of 
photocatalysis. Therefore, the standard potentials for several redox systems are listed 
in Figure 2.2. The relative positions of standard potentials and the band edge positions 
are indicative of the thermodynamic limits for the photochemical reactions at the 
surface of the illuminated semiconductor particles (Chandrasekharaiah et al., 1994). 
The free energy of the charge carriers generated by photoexcitation of semiconductor 
is directly related to the chemical potential. Without the illumination, under thermal 
equilibrium the chemical potential of the electron is equal to that of the hole and 
corresponds to the Fermi level of the solid. However, under illumination, the system 
deviates from the thermal equilibrium, and the chemical potential of electrons and 
holes are no longer equal as they are under equilibrium. Therefore, the Fermi level 
splits into two quasi-Fermi Levels, one for the electron and one for the hole. The 
chemical potentials become function of the nonequilibrium concentrations of electrons 
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and holes. These concentrations are dependent on the absorbed light intensities 




Figure 2.2 Energies for various semiconductors in aqueous electrolytes at pH=1 
(Linsebigler et al., 1995). 
 
A necessary condition to activate a semiconductor particle is that the energy of the 
photon should exceed the energy of the bandgap of the concerned semiconductor. This 
threshold wavelength for the absorption, λ bg, can be expressed according to the 
equation 
( ) ( )eVEnm bgbg /1240=λ                                                                         (2.2) 
where λbg is the threshold wavelength of a photon and Ebg is the bandgap energy.  
Therefore, an appropriate light source should be used to activate a semiconductor 
photocatalyst. In general, there are four types of radiation sources: (i) arc lamps; (ii) 
fluorescent lamps; (iii) incandescent lamps; and (iv) laser. Among these lamps, the arc 
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lamp, especially the mercury lamp, is widely used in research work as a radiation 
source. In an arc lamp, the activated gases (mercury or xenon vapor) are collided with 
accelerated electrons to obtain the emission. On the basis of the pressure of Hg vapor 
in arc lamp, the lamp can be classified into low pressure Hg lamps (pressure up to 0.1 
Pa, emission mainly at 253.7 nm and 184.9 nm), medium-pressure Hg lamps (pressure 
ranging from 100 to several hundred Pa, emission from 300 nm to 1000 nm), high-
pressure Hg lamps (pressure up to MPa or higher, emission from 200 nm to 1000 nm). 
Generally, medium and high-pressure Hg lamps need to be cooled by air or circulating 
liquid around them. Filtering solution and glass filters are used to cut off particular 
wavelengths of light that should not reach the reaction medium (Zhou, 2007). 
2.1.2 Mechanism of TiO2 photocatalyst 
For nearly two decades, considerable efforts have been devoted to the measurement 
of rates and elucidation of the mechanism of oxidative photocatalytic processes. The 
overall reaction is given by 
CmHnOyXz+(m+sz/2-kz/4-y/2)O2 ⎯⎯ →⎯ + 2TiOUV  mCO2+(n-kz/2)H2O+zXOs-k     (2.3) 
where m,n,y,z are the corresponding numbers of atoms of C, H, O, X in the organic 
compound CmHnOyXz, while k and s are the corresponding oxygen valence and  the 
stoichiometry of the substance XOs. In the above equation, X represents halide, 
nitrogen, phosphorus, or sulfur with s equals zero and k equals 1 when X is halide. 
The initial process for heterogeneous photocatalysis of organic compounds by TiO2 
is the generation of a hole and electron in the TiO2 particles, as shown in Eq. 2.4. 
22 )( TiOhehvTiO VBCB
+− +→+                                                                                (2.4) 
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   The photo-induced holes and electrons might migrate to the photocatalyst surface 
due to potential gradient between the bulk solid and its external surface. For the n-type 
photocatalyst (like TiO2), the direction of the electrostatic field is such that holes 
migrate to the surface where they undergo a chemical reaction, while the electrons drift 
through the bulk to the back contact of the semiconductor and subsequently through 
the external circuit to the counter electrode (Chandrasekharaiah et al., 1994). During 
the transport of holes and electrons to the catalyst surface, the possible exothermic 
recombination of electrons and holes may reduce the effective use of light energy in 
the photocatalytic process and, hence, reduce the quantum yield (Pareek and Adesina, 
2003) as shown in Eq. 2.5. 
                                                                                                     (2.5) heateh CBVB →++ _
    The recombination of holes and electrons occurs mainly in the bulk of the catalyst 
particles (Alfano et al., 1997). However, this recombination process can be reduced 
greatly if the electron and hole can be separated immediately and subsequently trapped 
by surface adsorbates and other sites. After the photo-induced hole-electron pairs reach 
the TiO2 surface, an adsorbed electron donor can be oxidized by transferring an 
electron to a hole while an electron acceptor can be reduced by electron provided that 
the reactions are thermodynamically feasible (Eqs 2.6-2.14). 
)()()( 1 aqOPaqOPaqOP K −+ +⎯→⎯  aqueous dissociation of organic pollutant  (2.6) 
•− ⎯→⎯+ 22 2)( OedissolvedO KCB                                                                               (2.7) 
•+− ⎯→⎯+ OPhaqOP KVB 3)(                                                                                     (2.8) 
•++ +⎯→⎯+ OHaqHhOH KVB )(42                                                                          (2.9) 
••+ ⎯→⎯+ 22 5)( HOOaqH K                                                                                     (2.10) 
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•+− ⎯→⎯+ OHhaqOH KVB 6)(                                                                                  (2.11) 
++• +⎯→⎯+ VBK hOHaqHHO 222 7)(                                                                       (2.12) 
•••• ⎯→⎯+ nK MHOOHOP 82/                                                                               (2.13) 
OHCOHOOHM NKn 222 9/ +⋅⋅⋅⎯→⎯+ •••                                                             (2.14) 
where OP+ and OP- are organic cation and anion, respectively; and Mn are 
intermediates in the path to complete mineralization of the organic substrate. In some 
cases, OP+ may simply be the H+ ion (as in carboxylic acids, phenolic derivatives) and 
OP- is the conjugate base, where in others, OP+ may be a metal cation (Pareek and 
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Figure 2.3 A schematic illustration of the generation of electron-hole pairs and the 
corresponding redox reactions taking place on the semiconductor surface when 
illuminated with appropriate wavelength of light (Palmisano and Sclafani, 1997). 
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It has been reported that adsorbed organic species may react with photo-induced 
holes at the TiO2 surface, which results in the formation of an organic radical 
(Hashimoto, et al. 1984). Despite the favorable thermodynamics of such a reaction, 
however, there is strong evidence that H2O and OH-, and not organic compounds, are 
the principle hole traps in the TiO2 photocatalytic system. Extensive studies have 
shown that only partial oxidation of organic pollutants can be accomplished with the 
absence of water in photocatalytic reaction while complete mineralization of organic 
compounds was obtained in aqueous solution (Fox and Chen, 1981; Ekabi et al., 1989; 
Matthews, 1990; Low et al., 1991). These results also suggest that the direct oxidation 
of organic compounds by holes is not significant. Therefore, the reactions (2.9) and 
(2.11) are the most important steps in the oxidation of organics, due to the formation of 
OH
•
. The mechanism and role of the OH
•
 radical in photocatalytic reactions will be 
discussed later.  
In addition to the photo-induced hole, the electron also reacts with electron acceptor 
to avoid charge build up within the catalyst particles and the rate of hole and electron 
consumption should be equal at steady state (Ekabi et al., 1989). As shown in Eq. 2.7, 
the oxygen is commonly used as electron scavenger during the photooxidation of 
organic pollutants since it is available with little or no cost and it dissolves in aqueous 
and other solvents.  
2.1.3 TiO2 surface reactions 
TiO2 is rapidly hydrated in aqueous solution due to the partially uncoordinated states 
of its surface titanium and oxygen atoms. A model of the stoichiometric surface 
depicting all fours types of surface atoms is shown in Figure 2.4.  
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Figure 2.4 Surface structure of the stoichiometric TiO2 (110) surface (Thompson and 
Yates, 2006). 
 
    The amphoteric nature of the hydrated TiO2 surface results in pH-dependent 
equilibrium between protonated and deprotonated hydrous surface species. The 
ionization state of the TiO2 surface at different pH is as follows, 
At pH < pHpzc :  TiOH  +  H+  ⎯⎯→← sapK1  TiOH2+                        (2.15) 
At pH > pHpzc : TiOH + OH- ⎯⎯→← sapK2  TiO- + H2O         (2.16) 
where pHpzc is the isoelectric point or point of zero charge (PZC) of catalysts. The 
reported values of the pHpzc for TiO2 range from 3.5 to 6.7 depending on purity and 
crystal structure (Davis, 1994). Both dissociated and molecular water are bound to the 
surface of TiO2 and the surface coverage of 7-10 OH-/nm2 is reported in the literature 
(Morishige et al., 1985; Suda and Morimoto, 1987; Matthews, 1984; Turchi and Ollis, 
1990; Fox et al., 1991). Therefore from Eqs (2.15) and (2.16), the surface of TiO2 is 
positive at pH below the pHpzc and negative at pH above pHpzc. TiO2 can be viewed as 
a solid diprotic acid with two acidity constants, pKa1 and pKa2, representing the 
equilibrium constants of Eqs (2.15) and (2.16), respectively. At pH > pHzpc, cationic 
electron donors and acceptors will be favored for photocatalytic activity while anionic 
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electron donors and acceptors will be favored at pH < pHzpc. In addition, the surface 
charge of TiO2 catalyst also influences the adsorption of pollutant compounds on the 
catalyst surface. It is reasonable to conclude that the enrichment of pollutant 
compounds on the TiO2 surface might increase the rate of photocatalytic reaction.  
2.1.4 Role of OH
•
 radical 
Currently, the most widely accepted photocatalytic oxidation mechanism employs 
hydroxyl radicals as intermediates in the oxidation process. Matthews et al. (1984) 
reported that the rate of photocatalytic oxidation of salicylic acid decreased in 
proportion to the increase of OH
•
 radical scavenger concentration. The OH
•
 radicals 
that are formed at the catalyst surface upon UV illumination may attack pollutant 
compounds, which are also adsorbed on the catalyst surface, or they may desorb and 
then react with the organic in the bulk solution (Turchi and Ollis, 1990; Peterson et al., 
1991; Terzian et al., 1991). 
The four types of interactions between photocatalytically formed OH
•
 radicals and 
the organic reactants are delineated as follows (Davis, 1994): 
• The OH• radicals and organic substrate are both adsorbed on catalyst surface. 
• The OH• radicals migrate to the bulk solution (free OH• species) and reacts 
with the organic substrate in solution. 
• The adsorbed OH• radicals react with bulk solution organic substrate. 
• The free OH• radicals react with the surface-adsorbed organic substrate. 
 Lawless et al. (1991) studied the role and importance of organic photodegradation 
by free versus TiO2 surface-bound OH
•
 radicals. The results showed that the OH
•
 
radicals formed in the bulk solution were quickly adsorbed on TiO2 particles which 
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resulted in a TiO2 surface that had properties similar to those of the surface under 
photocatalytic oxidation conditions. This result suggests that surface-bound OH
•
 
radicals are formed during photocatalytic oxidation. Minero et al. (1992) confirmed 
that the prerequisite step for photocatalytic degradation of organic pollutants was the 
adsorption of target pollutant on the TiO2 surface since the photo-induced OH
•
 radicals 
did not travel far into the bulk solution. 
However, Turchi and Ollis (1990) reported that the OH
•
 radicals may diffuse away 
from its surface formation site and later react with an adsorbed or solution-phase 
molecule. Due to the high reactivity of OH
•
 radicals, they are unable to diffuse far from 
the surface before reacting. For the surface-generated free radicals, adsorption of the 
organic substrate would be an aid but not a requirement for reaction.  
Peterson et al. (1991) carried out a series of experiments with TiO2 immobilized on 
a conducting carbon plaster in order to investigate some reactions, which are believed 
to occur in a photoelectrochemical slurry cell. The cathodic response was obtained in 
the cell that led to the conclusion that the OH
•
 radicals did escape into the bulk 
solution. 
Minero et al. (1991) investigated the diffusion rate of hydroxyl radicals in aqueous 
solution and the results showed that OH
•
 radicals could not diffuse far from the 
photocatalyst into the bulk solution before reacting, even at very low concentrations of 
the organic substrate. Therefore, the photocatalytic degradation processes occur either 
on or very near (with a few mono-layers) the particle surface.  
2.1.5 Kinetics of TiO2 photocatalysis 
Pruden and Ollis (1983) reported that Langmuir-Hinshelwood-type equations can be 
meaningfully used to describe the kinetic behavior of photocatalysis. Later, several 
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groups showed that the Langmuir-Hinshelwood equation could be applied for 
describing the reaction rate both for the solute disappearance and the CO2 formation 






dCr +=−=                                                                                            (2.17) 
where C0 is the initial concentration of the target organic compound; the constants k 
and K represent collections of oxidation, recombination, and possible adsorption terms. 
This expression describes a first-order reaction at low substrate concentration, with a 
transition to a rate independent of organic concentration at high substrate loading 
(Davis, 1994). The rate expression can be linearized by reciprocation, resulting in a 
linear plot for 1/r versus 1/C0, as shown in Eq. (2.18). 




+=                                                                                               (2.18)   
   The effects of several operational and solution parameters on the photocatalytic 
oxidation reaction rate have been examined. In numerous cases, the effects of these 
factors are compared using rate constants derived from first order plots that are linear 
over a short range. Others have made comparisons among various reaction conditions 
using initial rates, where a linear decrease in concentration is measured over a brief 
time period. 
A Langmuir-Hinshelwood dependence on oxygen concentration has been 






OKkrate +=                                                                                                (2.19) 
Oxygen is necessary to complete the oxidation reaction by reacting with the photo-
induced electrons to maintain electro-neutrality (Davis, 1994). 
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If temperature is considered as one of important parameters, which could affect the 
reaction rate, then according to Arrhenius equation, a more complete equation is 







−=−=                                                                                (2.20) 
where the coefficient Aapp is a function of other process variables such as light 
intensity, substrate concentration, pH, catalyst loading, and oxygen partial pressure and 
Ea is the activation energy. 
2.2 Particle dispersion of TiO2  
2.2.1 Heterogeneous photocatalysis 
    Photocatalysis can occur homogeneously or heterogeneously. In homogeneous 
photocatalysis, a powerful UV lamp is used to illuminate the contaminated water in the 
presence of Fe3+, O3, or H2O2 which act as a catalyst and the reaction takes place in the 
bulk solution. A heterogeneous photocatalytic reaction can be defined as a catalytic 
reaction during which one or more reaction steps occur after the electron-hole pairs are 
formed on the surface of semiconductor catalyst upon UV illumination (Palmisano and 
Sclafani, 1997). A heterogeneous catalyst is a composite material, characterized by: (a) 
the relative amounts of different component (active species, physical and /or chemical 
promoters, and supports); (b) shape; (c) size; (d) pore volume and distribution; (e) 
surface area (Campanati, 2003). 
    In a classical heterogeneous photocatalytic process, the reaction occurs in the 
adsorbed phase and the overall process can involve following steps: 
• Mass transfer of reactants from the bulk of the fluid to the exterior surface of 
the catalyst; 
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• Mass transfer of reactants from the external surface of the catalyst onto its pore 
surface; 
• Adsorption of at least one of the reactants on TiO2 surface; 
• Reaction of the adsorbed phase to form product(s); 
• Desorption of products; 
• Mass transfer of products out of the pore structure to the exterior of the catalyst 
surface; 
• Mass transfer of products from the external surface of the catalyst to the bulk of 
the fluid. 
Among these steps, the preliminary adsorption step plays a vital role in the overall 
photocatalytic process since the enrichment of reactants on active site of catalyst 
particles is the prerequisite condition for subsequent photocatalytic degradation. 
Therefore, catalysts possessing a large surface area are preferred for photocatalytic 
reaction because they can offer more surface area for adsorption. Several strategies 
have been applied to synthesize photocatalyst with a large surface area. In addition to 
the impregnation of TiO2 particles on various supports, the abundant interest focused 
on reducing the particle size of TiO2 catalyst, subsequently increasing the total catalyst 
surface. However, for the photocatalytic degradation of pollutant compounds in 
aqueous phase, it is difficult to separate the small catalyst particles (often nanosized) 
from the reaction media after photoreaction. In addition, spontaneous particle 
aggregation due to relatively high surface energy occurs, resulting in lowering of the 
effective surface area and retarded photocatalytic reaction rate. Therefore, in the 
following section the particle distribution in aqueous phase and the studies of 
preventing the spontaneous aggregation will be presented. 
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2.2.2 Particle aggregation 
Heightened interest in the processing of powder-based dispersed systems is due to 
an increase in the production of highly dispersed powders and an expansion of their 
application in various branches of industry. From the ecological standpoint, special 
attention is now focused on the investigation of dispersed systems that are produced by 
the redispersion of powders in water (Yaremko et al., 2001).  
Dispersion and stabilization of powders in liquid media is a big problem of different 
technological processes, since numerous properties of the final product depend 
strongly on stability of particles and their distribution in a certain volume. The 
sedimentation stability of particles in suspension can be considerably increased by 
increased dispersion of powders because sedimentation velocity is directly 
proportional to the particle squared radius (Yaremko et al., 2006). The tendency of 
dispersed particles to aggregate may be estimated from the ratio of the energy of 
molecular attraction of particles in the initial powder VA to the sum of kinetic energy 
of the Brownian motion of paritlces VB, and the change in their potential energy during 
their displacement at a distance of the radius of action of attractive forces VC 





S +=                                                                                                        (2.21) 
    S is termed as the powder aggregation coefficient. In accordance with the value of 
this coefficient, all the powders may conventionally be divided into two groups. The 
first group comprises powders, for which S > 1, and they are present in the aggregated 
state. For the second group S < 1, the particles have no tendency to aggregate. It is 
natural that the greater the aggregation coefficient, the higher the tendency of particles 
to form and conserve the aggregation. 
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Yaremko et al. (2001) also reported that the particles tended to aggregate if their 
diameter was between d1 and d2, which can be determined by the equations: 
A
kTH









kTd ρπ                                                                                                (2.23) 
where Ho = equilibrium interparticle distance (from 0.2 to 1 nm), k = Boltzmann’s 
constant, T = absolute temperature, A = Hamaker constant, g = gravitation constant, 
and ρ = density of particles. In addition, it was reported that the particles of metal 
oxide powders with radius smaller than 10 µm were present in their aggregated state. It 
was found that redispersion of highly disperse titanium dioxide powder in the aqueous 
medium was incomplete.  
Since the spontaneous aggregation of nanoparticles in aqueous phase is inevitable, 
extensive strategies have been suggested to avoid (or minimize) particle aggregation. 
Destruction of aggregates is a stepwise process that includes removal of separate 
particles located on the surface of aggregates. This process depends on numerous 
factors such as volume fraction of the solid phase, interaction energy between particles 
and intensity of mechanical agitation. 
High shear mixing or ultrasonication is commonly used to prevent nanoparticles 
agglomerating. By these methods, the bonds between primary nanoparticles are 
breached and nanoparticles or small agglomeration are separated one by one. Large 
aggregation is broken up into smaller one until there are no more defects to initiate the 
breakage. Further energy input results in no significant attrition. 
In order to form stable dispersions, it is not enough to break nanoparticles apart. 
Stabilization of colloidal dispersions of several commercial and metal oxide 
nanopowders by electrostatic, steric or electrosteric interaction was reported (Heijman 
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and Stein, 1995; Deiss et al., 1996; Widegren and Bergström, 2002). Unless one of 
these methods is used, nanoparticles may adhere to each other, forming assemblies 
whose morphology or structure depends on the solvent, temperature, materials and 
other factors. In an electrostatically stabilized dispersion, charges generated on the 
surface of particles prevent or control the agglomeration of nanoparticles. Steric 
stabilization takes place when large molecules adsorb onto the surface of particles thus 
introducing physical barriers between them. A combination of electrostatic and steric 
mechanisms produces electrosteric stabilization. All these stabilization mechanisms 
prevent nanoparticles from agglomeration (Mandzy et al., 2005). 
A common way to evaluate the stability of colloidal dispersions is by determining 
the magnitude of the zeta potential (ζ), which is a function of the surface charge of the 
particles. In dispersions where the value of the zeta potential is close to zero 
(isoelectric point), particles tend to agglomerate. At highly negative or positive value 
of zeta potential particles in dispersions tend to repel each other, subsequently no 
agglomeration occurs. The actual values needed to prevent agglomeration are in 
dispute, and depend on the solvent, concentration of ions, effective pH, and the 
function group on the surface of nanoparticles. Powders obtained from different 
manufactures have dissimilar surface chemistry and as a result exhibit isoelectric 
points at different pH values. 
2.2.3 Methods for avoiding/minimizing particle aggregation 
Many strategies, including varying solution pH, adjusting the concentration of 
electrolyte in suspension, and surface modification by surfactant or polyelectrolyte, 
have been applied to prevent the spontaneous aggregation of TiO2 nanoparticles in 
aqueous phase. Below is a brief discussion on the recent research work in this filed. 
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Among the strategies for elimination of aggregation, control over zeta potential by 
varying the solution pH is the most common and effective method. As mentioned in 
section 2.1.3, the amphoteric nature of hydrated TiO2 surface results in pH-dependent 
equilibrium between protonated and deprotonated hydrous surface species. By varying 
the solution pH, the TiO2 nanoparticles are positively or negatively charged, thus 
stabilizing themselves in a liquid phase because of the strong electrostatic repulsion.  
Yaremko et al. (2006) reported the aggregation of TiO2 particles in a 10-3 M KCl 
suspension. According to the sedimentation velocity data, particle diameter and 
particle number in aggregation maximum occurred at pH 7.5. In the area where the 
suspension was unstable (pH 7.5), aggregation consisted of ca. 40 particles, and in the 
area of stabilization (pH 11-12) aggregation consisted of ca. 2-4 particles.  
Mandzy et al. (2005) also concluded that after a rapid initial size reduction by 
ultrasonication, continued ultrasonication led to insignificant reduction and even re-
agglomeration of the particles. The re-agglomeration of the dispersion could be 
prevented by electrostatic stabilization with nitric acid or ammonium hydroxide when 
its zeta potential value was less than -30 mV or greater than +30mV. 
In addition to the solution pH, the surface modification of TiO2 particles by 
surfactant or polyelectrolyte is another way to prevent particle agglomeration. The 
electrostatic and steric stabilization are the two important factors to prevent particle 
aggregation. Deiss et al. (1996) studied the stability of TiO2 nanoparticles in 
suspension and the result showed that the adsorption of relatively low molecular 
weight polyacrylamide extended the stability of TiO2 nanoparticles dispersed in water. 
Steric stabilization near the point of zero charge has been obtained with a polymer 
layer of about 12 nm. 
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Heijman and Stein (1995) modified TiO2 particles with polyacrylic acid and found 
that at high concentration the polyacrylic acid stabilized TiO2 dispersions. The 
especially stable dispersions can be obtained when electrostatic and steric stabilization 
acted simultaneously. 
Sato and Kohnosu (1991) studied the effect of surfactant concentration on the 
stability of aqueous titanium dioxide suspensions. It was found that as the surfactant 
concentrations increased, the stability of the TiO2 particles decreased initially and then 
increased. The destabilization by the surfactant in the low surfactant concentration 
region is due to reduction of the electrical repulsion between the particles caused by 
the reduction of negative charge on the particles. Stabilization in medium 
concentration is due to the increase in electrical repulsion caused by the increase in 
positive charge on the particles. In addition, the destabilization in high-concentration 
solutions (1.0-3.0%) seemed to be due to the depletion effect caused by free surfactant 
molecules in the solutions. 
Chen et al. (1998) investigated the stability and rheological behavior of dilute and 
concentrated TiO2 dispersions. It was found that the repulsive interaction between the 
electrical double layers around the TiO2 particles was the dominant factor influencing 
the stability of the dispersions. The addition of ionic surfactants, sodium dodecyl 
sulfate and tetradecylpyridine bromide which can be adsorbed strongly at the 
TiO2/solution interface, increased the stability of the TiO2 dispersion by increasing the 
absolute value of the zeta potential of the particles. In contract, the non-ionic 
surfactant, Triton X-100, whose adsorption on the surface of TiO2 particles was much 
less than that of the ionic surfactant showed a negligible effect on the stability of TiO2 
dispersion. 
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Other methods are also carried out to prevent the particle aggregation in addition to 
solution pH and surface modification by surfactant or polyelectrolyte. Tada et al. 
(2007) observed that the dispersion stability of TiO2 particles in neutral water was 
remarkably improved by coating with a SiOx monolayer with the optical properties 
maintained because the point of zero charge decreased from 6.5 (for pure TiO2 
particles) to 4.9 (for SiO2/TiO2 materials).  
Lebrette et al. (2004) reported that dispersion of titania particles in water had been 
achieved due to the addition of two different compounds: (C2H5)4NOH and Tiron. 
Alcohol was added as a co-solvent to prevent water electrolysis and this addition 
strongly affected zeta potential value of the particles and increased the suspension 
viscosity but without influencing the surface charge. The integration of ethanol 
molecules into the water network moved the slipping plane away from the surface, 
reducing the repulsive potential between particles that resulted in suspension 
destabilization. 
2.3 Roles of support 
    Titanium dioxide (TiO2) proves to be one of the most popular and promising 
semiconductor photocatalysts due to its stability under harsh conditions, commercial 
availability, ease of preparation in laboratory and excellent semiconductor 
characteristics. However, TiO2 is a non-porous material with low adsorption capacity, 
resulting in low photocatalytic reaction rate. Over the last few years, research has been 
carried out to increase the effective surface area and alter the surface properties of 
TiO2 so as to increase its adsorption capacity. A practical method is to immobilize 
(normally called supported) TiO2 onto the surface of porous materials with high 
specific surface area. The reason for the selection of these porous materials originates 
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from (a) their very high surface area, (b) their strong adsorption properties, and (c) the 
variety of shape and the dimensions of their pores that are similar in size to many 
substrate molecules of interest (Kim and Yoon, 2001; Aguado et al., 2002; 
Bhattacharyya, 2004). The catalyst immobilized on such supports with generally good 
thermal and mechanical stability offer better dispersion of active sites and surface 
adsorption, leading to significant improvement in reactivity and often increased 
reaction selectivity with potential advantages in laboratory and manufacturing scale 
synthesis.   
2.3.1 TiO2 supported on porous materials 
    According to the definition of the IUPAC, porous materials are classified into three 
main categories depending on their pore diameter: 
    Microporous: pore size < 2 nm (pore diameter in the range 0.3-2 nm)  
    Mesoporous: pore size 2-50 nm  
    Macroporous: pore size >50 nm 
    Various porous materials, such as zeolite, Montmorillonite, activated carbon, 
silicate, MCM-41, MCM-48, and SBA-15, were used to prepare TiO2 catalyst 
supported on porous materials. Some previous research on the improvement of 
photocatalytic activity by the effect of adsorbent support is reported in the following 
section. 
Xu and Langford (1997) prepared supported catalysts by using various TiO2 
supported on zeolites. Their results showed that the well defined porous structure of 
zeolite offered a special environment for the formation of fine TiO2 crystallites and 
prevented the conversion of rutile phase. Xu and Langford (1995) impregnated TiO2 
onto ZSM5 and Zeolite A at a low coverage using a sol-gel method.  The titanium 
dioxide was formed as small particles of anatase over all the supports and there were 
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also non-crystalline titanium dioxide species formed on zeolite supports.  Maximal 
photocatalytic activity was observed at low (<2%) titanium dioxide loading on ZSM5.   
Shimizu et al. (2002) investigated selective photooxidation of benzene and 
cyclohexane by using TiO2 pillared clays. It was found that TiO2 pillared clays showed 
higher selectivity to oxygenates than TiO2 (Degussa P25). In addition, the product 
distribution among oxygenates also depended on the type of the clay host, indicating 
that the photocatalytic properties of TiO2 depended strongly on the type of clay host. 
For the cyclohexane photooxidation, TiO2 pillared clay showed much higher 
selectivity than TiO2 possibly due to the hydrophobic nature of pillared clay. 
Ooka et al. (2003) investigated adsorption and photocatalytic degradation using 
TiO2 supported on pillared clay for the removal of endocrine disruptors in water.  They 
found that adsorption of the endocrine disruptor in the TiO2 pillared clay caused 
enrichment of the reactant and enhanced photocatalytic degradation.   
A common phenomenon found from the above research is that the concentration of 
reactants at the catalyst surface occurs using TiO2 supported on adsorbents, 
irrespective of the type of adsorbents used.  Since the concentration of contaminants in 
wastewater is quite low (usually in the order of ppm), the application of supported 
catalysts is helpful to accelerate the photocatalytic degradation rate.  For this matter, 
activated carbon is a good choice among various adsorbents due to its excellent 
adsorption capacity.   
    Uchida et al. (1993) loaded TiO2 onto activated carbon (AC) using the sol-gel 
method to degrade propyzamide. Scanning electron microscopy and energy dispersive 
X-ray microanalysis of TiO2/AC indicated that fine TiO2 particles of size 0.2 μm or 
their aggregates were distributed uniformly over the activated carbon surfaces. High 
adsorption capacity of the activated carbon support enabled the organic pollutant to 
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concentrate around the loaded TiO2, resulting in an enhanced photocatalytic 
degradation rate. When 80 wt%-loaded TiO2/AC was used, the degradation of 
propyzamide to CO2 was complete with illumination for about 1h.   
Araña et al. (2003) demonstrated that the modification of the TiO2 acid-base 
properties in the presence of activated carbon considerately modified the interaction of 
some molecules with the catalyst surface and hence its photocatalytic characteristics.  
FTIR studies indicated that the interaction of certain molecules such as salicylic acid or 
p-aminophenol with the surfaces of the AC supported catalysts improved the TiO2 
catalytic efficiency.   
However it is also important in a photocatalytic process that the adsorbed substrate 
easily migrates to photoactive sites of TiO2 particles (Takeda et al., 1995; Yoneyama 
and Torimoto, 2000).  If the adsorption of target compounds on the adsorbent is so 
strong that the adsorbed substrates can not transfer to the active center they may not be 
involved in photodecomposition reactions.  
Takeda et al. (1995) conducted photodegradation experiments of gaseous 
propionaldehyde using TiO2 catalysts supported on different adsorbents such as 
mordenite, alumina, silica, and activated carbon. They found that TiO2 supported 
mordenite showed the highest photodegradation rate. The good adsorption 
performance was observed for mordenite support yet it was moderate enough to allow 
the diffusion of adsorbed propionaldehyde to the loaded TiO2. Although compared 
with mordenite, activated carbon showed larger adsorption capacity, it also exhibited 
lower decomposition rate presumably due to the retardation of easy diffusion of the 
adsorbed propionaldehyde.   
Torimoto et al. (1997) demonstrated that the photodecomposition rates of three 
chlorinated methanes over TiO2 supported on activated carbon were the same, 
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indicating that the adsorption was so strong that rate of migration of those methanes on 
the catalyst’ surface was not greatly different. Therefore, a moderate affinity between 
catalyst surface and adsorbate is preferred in photocatalytic decomposition of organic 
chemicals.  Two factors can influence this affinity: the surface properties of the 
adsorbent and environmental parameters such as temperature and pH.  
The enhancement of photocatalytic reaction rate by the supported catalyst can be 
improved by decreasing the diffusion path length of the adsorbate. Decrease of 
diffusion path length can be achieved experimentally by improving the dispersion of 
TiO2 particles on the adsorbent support. Ding et al. (1999) concluded that titania 
pillared clay obtained by supercritical drying possessed the highest external and 
micropore surface area, largest amount and smallest crystallite size of anatase, and 
exhibited the highest photocatalytic activity. It was also found that the dispersion of 
nanometer-sized anatase on the surface of the particles and the suspensibility of the 
particles were the most important factors for high photocatalytic efficiency. 
Reddy et al. (2003) studied the decomposition of salicylic acid by TiO2 supported 
catalyst. It was found that the lifetime of reactive oxygen species in the bulk solution 
was greatly enhanced by the present of the support. 
Although the TiO2 supported on microporous materials shows good adsorption 
capacity and enhanced photocatalytic activity in comparison with bare TiO2 particles 
the small pore size of the support limits their application in decomposition of 
pollutants with large molecules. The availability of mesoporous materials such as 
MCM-41, MCM-48, HSM, and SBA-15 broadens the application of TiO2 containing 
porous catalyst because of their high specific surface area, large pore size, and good 
stability. 
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Corma et al. (1994) synthesized an ultralarge pore titanium silicate isomorphous to 
MCM-41 as a catalyst for selective oxidation of hydrocarbons. The average pore size 
of the sample was 2 nm and the Ti content was 2.3 wt%, expressed as TiO2. The Ti 
atoms in Ti-MCM-41 synthesized from alkali-free reaction mixtures occupied 
framework positions and had coordination numbers between 4 and 6. In addition, the 
synthesized materials showed good activity for selective oxidation of hydrocarbons. 
Ti-MCM-41 catalysts were prepared by Marchese et al. (1997) using anchoring 
titanocene onto the inner walls of MCM-41. The synthesized materials exhibited high 
catalytic performance in the epoxidation of cyclohexene and in oxidation of bulky 
cyclic and aromatic compounds due to the presence of a high concentration of 
accessible, well-spaced, and structurally well-defined Ti tetrahedral active sites. 
Reddy et al. (2003) investigated TiO2-loaded MCM-41 molecular sieve as catalysts 
for the UV-assisted aqueous sonophotochemical destruction of salicylic acid. The 
titania- loaded MCM-41 exhibited the highest specific activity per gram of titania in 
comparison with TiO2 supported on other porous materials. The cumulative generation 
of OH
•
 free radical and H2O2 species was indeed affected by the presence of the 
support. Surprisingly, the mass transfer diffusion limitations were found even for the 
larger pores of MCM-41. 
Chen and Lin (2002) synthesized a series of mesoporous titanosilicate Ti-MCM-41 
molecular sieves with various Si/Ti ratios using hexadecyl-trimethylammonium 
bromide as the organic surfactant. The solid products had the MCM-41 structure and 
contained only atomically dispersed titanium, consistent with framework titanium in 
Ti-MCM-41. In addition, all of the materials had a uniform pore size distribution with 
pore size of around 3.0 nm. Ti-MCM-41 showed higher activity in the partial oxidation 
of benzene by diluted hydrogen peroxide in comparison with bare TiO2. Such 
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enhancement in catalytic activity can be attributed to its hydrophobicity and large pore 
size. The hydrophobicity of the framework resulted in the high concentration of the 
benzene. It also greatly improved the ability of H2O2 to compete with water molecules 
to reach the active sites. Therefore, the hydrophobicity of the framework of MCM-41 
played an important role in the catalytic reaction. 
Berlini et al. (2000) investigated the catalytic epoxidation of a series of unsaturated 
terpenic alcohols by using in-framework Ti-MCM-41 and Ti-grafted MCM-41. It was 
found that the extra-framework Ti-MCM-41 displayed globally a higher epoxidation 
rate than in-framework Ti-MCM-41 due to the higher exposure of active Ti sites 
obtained by grafting titanocene compounds on the surface of the MCM-41.The results 
also showed that while titanosilicates are present in microporous supports, the steric 
constraint due to narrow pores may often modify epoxidation activity and selectivity, 
in the mesoporous materials the pore size was not so crucial. Therefore, the catalytic 
performance of the catalysts ought to be controlled by tuning the chemical 
environment around the active site and by modifying the hydrophobic/hydrophilic 
feature of the surface species according to the polar character of the substrate to be 
epoxidized.  
Kong et al. (2005) developed a simple and economic method to synthesize Ti-
containing MCM-41 from titanium sulphate as Ti source, sodium metasilicate as Si 
source and cetyltrimethylammonium bromide as template. It was revealed that the 
atoms of titanium were incorporated into the framework of MCM-41 for the samples 
with Ti/Si mol ratios below 1/20. However, small amounts of titanium oxides highly 
dispersed onto the walls of MCM-41were detected for a Ti/Si ratio up to 1/10. The 
prepared materials exhibited high catalytic activity in the oxidation of aromatic 
compounds.  
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A drawback of the MCM-41 type of materials is the unidirectional pore system. In 
this respect, the cubic MCM-48, with its interwoven and continuous 3D regular pore 
system, provides favorable mass-transfer kinetics and seems to be a better candidate 
for catalytic application than MCM-41. Therefore, several methods have been reported 
for the preparation of Ti-MCM-48 catalyst. 
Morey et al. (1996) reported that mesoporous materials containing Ti and Si atoms 
in the walls, which was isomorphorous to the cubic MCM-48 silicate structure had 
been synthesized by using a gemini surfactant. It was observed that the titanium atoms 
were well dispersed, probably substituting silicon atoms in the mesoporous walls.  
Anpo et al. (1998) synthesized Ti-MCM-48 by a hydrothermal method and the 
titanium oxide species existed in tetrahedral coordination. Ti-MCM-48 possessing 
large pore size (>2nm) and three-dimensional channels exhibited a significantly 
increased reactivity and selectivity for the formation of CH3OH, suggesting that the 
zeolite structure with large pore sizes having a three-dimensional channel structure was 
suitable not only for achieving the high dispersion state of the titanium oxide species 
but also for achieving the high efficiency in the photocatalytic reduction of CO2 with 
H2O to produce CH3OH. 
Bandyopadhyay et al. (2005) introduced titanium into the pores of MCM-48 by wet 
impregnation using aqueous titanylacetylacetonate, TiO(acac)2, or tetrabutyl 
orthotitanate in acetone solutions, which yielded highly ordered mesoporous material 
with high surface area. The nanosized titania particles deposited inside the pores of the 
mesoporous matrix without destroying their integrity. The particle size was 2 nm after 
the first loading and increased after successive loading. From EXAFS, it can be 
concluded that the structure of the nanoparticle was highly disordered after the first 
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loading; however, successive uptake of titania led to a local order with more than one 
type of coordination sphere, including a resemblance to rutile.  
Among all the mesoporous materials, SBA-15 is widely explored as an excellent 
support for preparation of porous catalysts due to its ordered structure, large pore size 
and good stability. Extensive studies on synthesis of titanium containing SBA-15 are 
presented as follows. 
Luan et al (1999) synthesized titanium containing mesoporous silica molecular sieve 
SBA-15 via incipient-wetness impregnation with titanium isopropoxide in ethanol 
followed by calcination. The results suggested that titanium was present in two distinct 
chemical forms and that their relative amounts depended on the titanium loading. At 
low titanium loading of 1 atom % relative to silicon, the titanium ions were 
monatomically dispersed and the pore size of SBA-15 was not changed. However, the 
isolated titanium species reached a maximum concentration around 6 atom% relative 
to silicon. In addition, at higher titanium loading, titanium dioxide (anatase) was 
formed. With the increase of titanium loading the pore diameter decreased, which 
indicated that the titanium dioxide existed as a thin film anchored inside the mesopores 
of SBA-15.  
Newalkar et al (2001) reported that titanium-substituted mesoporous SBA-15 
molecular sieve was prepared at 373 K by direct synthesis under microwave-
hydrothermal conditions within about 2h. It was found that silicon atoms in the silica 
framework were substituted by titanium atom with Si/Ti ratios of 20, 30, and 40. In 
addition, the substitution of Ti for Si did not change the textural properties. However, 
the higher titanium loading (up to a Ti/Si ratio of about 0.05 in the synthesis gel) led to 
the formation of extraframework titanium species.  
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Zhang et al. (2002) synthesized Ti-substituted mesoporous SBA-15 in the presence 
of fluoride ions. It was found that the hydrolysis rate of tetramethoxysilane was 
remarkably accelerated by fluoride, which was suggested to play the main role in the 
formation of Ti-SBA-15 materials with high quality. The calcined products showed a 
high catalytic activity in the epoxidation of styrene. However, anatase phase started to 
appear when the molar ratio of Ti/Si in final product was above 0.01. 
Chen et al. (2004) synthesized titanium-substituted SBA-15 under conventional 
hydrothermal conditions by using titanium trichloride and tetraethyl orthosilicates as 
the titanium and silica sources, respectively. The titanium could be effectively 
incorporated into the framework of SBA-15 when the pH value of the synthesis gel 
was approximately 1.8 and titanium chloride was added after prehydrolysis of 
tetraethyl orthosilicate for a certain time. Furthermore, the addition of H2O2 during the 
preparation process was beneficial for maintaining the mesostructure of Ti-SBA-15. 
The template-free Ti-SBA-15 materials showed a high catalytic activity in the selective 
oxidation of styrene. 
Wittmann et al. (2005) investigated the structural and photocatalytic properties of 
ordered mesoporous Ti-silicate, prepared by both impregnation (IMP) and co-
precipitation (CP) methods. It was observed that at all conditions, TiO2 was present as 
pure anatase crystallites with particle diameters in IMP catalysts of 4.4-7.0 nm, being 
clearly smaller than those in CP ones (12.0-19.6 nm). The ordered structure of silica 
was at least partially preserved up to a TiO2 loading of 25 wt% (CP) and 33 wt% 
(IMP). The photocatalytic degradation rate of gaseous trichloroethylene suggested that 
TiO2 was mostly incorporated within the silica mesopores for IMP preparation whereas 
during CP synthesis, it was mainly localized on the external silica surface, as shown in 
Figure 2.5.  
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Figure 2.5 Schematic representation of the effect of Ti-incorporation method (A: IMP; 
B: CP) on the localization of TiO2 particles in the silica structure (Wittmann et al., 
2005). 
2.3.2 TiO2 supported on non-porous materials 
Various synthesis strategies and carriers have been carried out to prepare supported 
TiO2 catalysts with good photocatalytic activity. However, most of TiO2 catalysts 
supported on porous materials show poorer photoactivity in comparison with bare TiO2 
particles although they possess large specific surface area and high pore volume. The 
low photocatalytic activity of supported TiO2 can be ascribed to the mass transfer 
resistance and UV light accessibility. For the supported TiO2 catalyst, TiO2 particles 
are dispersed on the adsorbent’s surface/channel and the adsorbed pollutant needs to 
migrate to the active site (TiO2 particles) from other sites. Therefore, the mass transfer 
resistance should be considered as an important factor in the photoreaction rate. In 
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addition, the internal surface area of porous TiO2 catalysts dominates the total surface 
area so that TiO2 nanoparticles are mainly dispersed in the internal surface (pore 
channel). As a result, those TiO2 particles are not active during photocatalytic reaction 
since the UV light can not reach those particles and activate them. Therefore, in order 
to overcome these problems, new interest focuses on the synthesis of supported TiO2 
catalysts on non-porous materials. The recent studies in this field are delineated as 
follows. 
Nagaoka et al. (2002) reported that cellulose/TiO2 microsphere composites can be 
synthesized by a one-step phase separation method using cellulose xantate aqueous 
solution and sodium polyacrylate aqueous solution. The distribution of TiO2 particles 
was easily adjusted by adding polyethylene glycol as a diluent. A dense arrangement 
of TiO2 was observed on the surface of cellulose/TiO2 microsphere composites. In 
addition, carbon/TiO2 microspheres, prepared by carbonization of the cellulose/TiO2 
microspheres composites, were also developed and used as a photocatalyst. It was also 
found that as the process of carbonization proceeded more TiO2 particles appeared on 
the surface. The carbon surface worked well as an effective to concentrating medium 
for organic pollutants around the TiO2 coated on the composite surface, which 
subsequently enhanced the photocatalytic reaction rate. 
Toyoda et al. (2003) coated fine particles of photoactive anatase-type TiO2 on 
activated carbon spheres through the hydrolysis of titanium oxysulfate under 
autogenous hydrothermal conditions. The physical surface which accommodated the 
anatase particles was limited due to their spherical shape. Therefore, most of the sphere 
surfaces were covered by fine particles of anatase even though the amount of anatase 
loaded was not so high. The synthesized TiO2 catalyst showed good photocatalytic 
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activity under UV illumination for decomposition of methylene blue in the aqueous 
phase. 
Carpio et al (2005) deposited titanium dioxide on activated carbon pellets by using 
sol-gel processes based on titanium isopropoxide and isopropyl alcohol. 
Nanocrystalline TiO2 anatase phase on activated carbon was obtained using thermal 
treatment. In addition, the resulting materials showed good photocatalytic activity for 
degradation of phenol in aqueous solution under UV lamp and solar irradiation. 
Among the strategies of supporting TiO2 layers on non-porous materials, the layer-
by-layer (LbL) technique, the basis of which is primarily the electrostatic attraction 
between oppositely charged species deposited from solution onto colloid spheres, is 
commonly used to obtain multilayered capsules. The multilayer can be composed of a 
variety of materials, such as polymers and inorganic materials. The layer thickness is 
controlled either through the concentration of the coating materials or through the LBL 
cycling time (Yang et al., 2003). 
Nakamura et al. (2005) reported that the titania-nanosheets-coated polystyrene latex 
was synthesized by the layer-by-layer assembly coating process, involving alternating 
lamination of cationic polyelectrolytes and anionic titania nanosheets on monodisperse 
polystyrene latex particles.  
Strohm and Löbmann (2005) studied the nucleation and growth of a TiO2 shell on 
polystyrene latex particles by the layer-by-layer method. The surface modification by 
adsorption of a single layer or a bilayer of polyelectrolytes was traced by zeta potential 
measurement. The TiO2 film formation was very sensitive to the nature of the adsorbed 
polyelectrolytes, and materials deposition in an aqueous dispersion ranged from an 
exclusively homogeneous precipitation of TiO2 particles to a complete coating of the 
polymer surface with a smooth inorganic shell. It was found that the shell growth rate 
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and the extent of homogeneous precipitation depended on the interaction of the 
substrate with the deposition solution. 
Zhou et al. (2006) presented a facile preparation method for SiO2/PS/TiO2 
multilayer core-shell hybrid microspheres. In their work, positively charged SiO2/PS 
core-shell hybrid particles were first synthesized by miniemulsion polymerization 
using cationic initiator and emulsifier. These positively charged SiO2/PS hybrid 
particles were mixed with tetra-n-butyl titanate for sol-gel reaction to directly form 
SiO2/PS/TiO2 multilayer core-shell hybrid microspheres.  
Wang et al. (2007) synthesized the polyarylamide (PAM)/TiO2 microspheres with 
hierarchical surface structures by the reaction between tetrabutyl titanate (TBOT) 
located within porous PAM microgels and water in a moist atmosphere. The surface of 
the composites microspheres was densely covered by TiO2 particles, for the case of 
high TBOT concentration. With the decrease of TBOT concentration, the TiO2 
particles tendentiously deposited on the inner walls of the pores, and the surface 
morphology of the composite microspheres gradually appeared as an obvious 
macroporous structure. The incorporation of TiO2 particles into PAM microgels 
resulted in an obvious increase in specific surface area, and the pore size distribution of 
the microspheres depended strongly on the size of the TiO2 particles.  
Li et al. (2007) adapted a template-free approach, in which a titania precursor, 
TiOSO4, was solvothermally reacted in glycerol, alcohol, and ethyl ether to synthesize 
TiO2 spheres with adjustable morphology, size, and interior structure that was tunable 
from solid, sphere-in-sphere, to hollow. The photoactivity test for the obtained 
materials suggested that a sphere-in-sphere structure with an appropriate innersphere 
diameter allowed multiple reflections of UV light within the interior cavity, allowing 
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more efficient use of the light source and therefore offering an improved catalytic 
activity. 
Liu et al. (2007) synthesized bicomponent TiO2/SnO2 nanofibers with controllable 
heterojunctions by electrospinning process. Both of the TiO2 and SnO2 components in 
the nanofibers were fully exposed to the surface. This morphology fully utilized the 
photogenerated holes and electrons during the photocatalytic process, thus leading to a 
high photocatalytic activity. 
As discussed, various porous and non-porous materials have been applied as 
supports for photocatalyst preparation in order to improve catalysts’ performance. 
Table 2.1 summarizes the major research findings abovementioned. 
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Table 2.1 List of research activities in synthesis of supported TiO2 photocatalyst. 
 
Supports Major Conclusions References 
Zeolite Formation of fine TiO2 crystallites and prevented the 
conversion of rutile phase 
 
Xu and Langford 
(1997) 
 
Clay Selective photooxidation of benzene Shimizu et al. (2002) 
Enrichment of the reactant and enhanced photocatalytic 
degradation 
 
Ooka et al. (2003) 
Activated 
Carbon 
High adsorption and enhanced photocatalytic degradation 
rate of propyzamide 
Uchida et al. (1993) 
Improved efficiency for TiO2 catalytic decomposition of 
salicylic acid and p-aminophenol 
Araña et al. (2003) 
Larger adsorption capacity but lower decomposition rate Takeda et al. (1995) 
Moderate affinity between catalyst surface and adsorbate is 
preferred 
 
Torimoto et al. 
(1997) 
MCM-41 Good activity for selective oxidation of hydrocarbons Corma et al. (1994) 
High catalytic performance in the epoxidation of 
cyclohexene and in oxidation of bulky cyclic and aromatic 
compounds 
Marchese et al. 
(1997) 
The highest specific activity per gram of titania in 
comparison with TiO2 supported on other porous materials 
Reddy et al. (2003) 
Higher activity in the partial oxidation of benzene Chen and Lin (2002) 
High catalytic activity in the oxidation of aromatic 
compounds 
 
Kong et al. (2005) 
MCM-48 High reactivity and selectivity for the formation of CH3OH 
 
Anpo et al. (1998) 
SBA-15 At low titanium loading, titanium ions were incorporated 
into framework of  SBA-15 whereas it existed as anatase 
crystal at high titanium loading. 
Luan et al (1999) 
Newalkar et al 
(2001) 
Zhang et al. (2002) 






Carbon surface concentrated organic pollutant around TiO2 
and subsequently enhanced the photocatalytic reaction rate. 





Good photocatalytic activity under UV illumination for 
decomposition of methylene blue in aqueous phase 
Toyoda et al. (2003) 
Good photocatalytic activity for degradation of phenol in 
aqueous solution under UV lamp and solar irradiation 
 
Carpio et al (2005) 
Polystyre
-ne latex 





SnO2 Bicomponent TiO2/SnO2 nanofibers possessed high 
photocatalytic activity. 
Liu et al. (2007) 
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2.3.3 Adsorbents used as a TiO2 support 
The surface area and pore size of the adsorbent are the main factors in determining 
the adsorption capacity of the adsorbent to an organic pollutant. In this work, 
microporous β-zeolite, pillared Montmorillonite clay, and mesoporous materials 
(MCM-41 and SBA-15) were chosen to be the supports for TiO2 nanoparticles. 
2.3.3.1 β-zeolite 
Zeolites constitute an important class of catalysts and are finding wide applications 
in the petrochemical and fine chemical industries. Structurally, zeolites are a three-
dimensional network consisting of AlO4 and SiO4 tetrahedra linked to each other by 
sharing oxygen atoms. Although there are 34 species of zeolite minerals and about 100 
types of synthetic zeolites, only a few have practical significance at the present time. β-
Zeolite is a large-pore aluminosilicate with 12-membered ring windows of about 0.75 
nm (see Figure 2.6). Thus, β-zeolite is considered as a large-pore zeolite with relatively 
less mass transfer resistance.    
 
Figure 2.6 Structure of β-Zeolite (Puttamraju, 2004). 
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2.3.3.2 Al-pillared Montmorillonite 
    Montmorillonite belongs to a class of clays that has a smectite structure. 
Montmorillonite clays have been known as inorganic ion-exchange materials showing 
high proton conductivity. They are composed of aluminosilicate layers stacked one 
above the other. Each layer has a small net charge due to isomorphous substitution of 
ions in the framework. This charge is compensated by interlayer hydrated cations, 
known as exchangeable counter cations. It is well known that Montmorillonite can 
accommodate various types of compounds in its interlayer spaces to give an 
intercalation type of inclusion compounds. Various oxides such as TiO2, SiO2, Al2O3 
and Fe2O3 have been used as pillars. Studies also show that pillaring brought about a 
marked increase in the specific surface area for all clays (Izumi et al., 1992). The pore 
size of pillared Montmorillonite depends on the type of pillar and the pore size is 
usually larger than that of the conventional zeolites. A unit layer of the smectite 
structure consists of three T-O-T (tetrahedral-octahedral-tetrahedral) sheets as shown 
in the Figure 2.7. The light pink layer in Figure 2.7 is the octahedral sheet, while the 
darker pink layer is the tetrahedral sheet. For Al-pillared Montmorillonite, the pillars 
consist of Al2O3. Upon calcination of the parent pillared clay exchanged with 
aluminum hydroxyl clusters cations, the cluster cations are converted into oxide pillars 
and protons are released simultaneously. 
 
[Al13O4 (OH) 24]7+    Æ  6.5 Al2O3 + 8.5 H2O + 7H+                                  (2.24) 
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The released protons then migrate into or onto the layer structure and acid sites are 
generated. This acidity is effective in improving the selectivity of the catalyst for 
photodegradation (Izumi et al., 1992). 
 
 








(a) Green   : Al atoms     (b) 
 Light Pink : Octahedral layer 
 Dark Pink  : Tetrahedral layer 
        
 
Figure 2.7 (a) Structure of Al-pillared Montmorillonite, (b) Schematic diagram of Al-
pillared Montmorillonite (Izumi et al., 1992). 
 
2.3.3.3 MCM-41 
    The Mobil Crystalline Material 41 (MCM-41) is a member of the newly discovered 
mesoporous molecular sieve M41s family. It is well know that MCM-41 materials 
possess a porous system consisting of a hexagonal array of channels with diameters 
varying from 15 to 100 Å (Occelli et al., 1999). MCM-41 materials have high surface 
area (about 1000 m2/g) and large pore volume and uniform pore size (Zhao et al., 
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1996).  These remarkable characteristics make these materials highly promising model 
adsorbents for fundamental adsorption studies. 
 
 
Figure 2.8 Schematic diagram of MCM-41(Puttamraju, 2004). 
 
MCM-41 consists of arrays of non intersecting hexagonal channels, which can be 
made by varying reaction parameters, the choice of templates and adding auxiliary 
organic chemicals. By changing the length of the template molecule, the width of the 
channels can be controlled to be within 2 to 10 nm. Their large pore size and non 
intersecting channels allow organics to diffuse through the pores easily. Therefore, the 
mass transfer of organics and reactants through the molecular sieve is enhanced. The 
walls of the channels are amorphous SiO2. This feature, together with its exceptional 
porosity (up to 80%), makes MCM-41 less stable mechanically than other zeolites and 
clays.   
2.3.3.4 SBA-15 
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    SBA-15 was first discovered by Zhao et al. (1998) using triblock copolymer 
surfactant as a template. It is a mesoporous silica molecular sieve with uniform 
hexagonal channels ranging from 5 to 30 nm and thick framework walls (3.1-6.4 nm). 
With its thick walls and better hydrothermal stability compared with that of thinner-
walled MCM-41 materials, SBA-15 is believed to be a promising material for 
photocatalysts supporting matrix. Many applications of SBA-15 materials in the fields 
of catalysts, sorption, and advanced materials design can be envisioned.  
 






Figure 2.9 TEM images (A and B) and SEM image (C) of calcined hexagonal SBA-15 
mesoporous silica (Zhao et al., 1998). 
 
2.4  pH effect on photoreaction 
The role of pH in photocatalytic reactive systems is usually studied since pH of the 
aqueous solution is one of the important environmental parameters significantly 
influencing the catalyst surface properties, including surface charge, aggregation 
numbers of the particles, and position of the conduction and valence bands (Doong et 
al., 2001). However, the effect of pH on photocatalytic reaction kinetics is still very 
much unresolved. The interpretation of pH effects is a very difficult task because of its 
multiple roles. First, the amphoteric nature of the hydrated TiO2 surface results in pH-
depended equilibrium between protonated and deprotonated hydrous surface species, 
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as shown in Eqs. 2.15 and 2.16. The pH changes can thus influence the adsorption of 
pollutant molecules onto the TiO2 surface, an important step for the photocatalytic 
oxidation to take place. Second, hydroxyl radicals can be formed by the reaction 
between hydroxide ions and positive holes. The positive holes are considered as the 
major oxidation species at low pH where hydroxyl is considered as the predominant 
species at neutral or high pH levels (Tunesi and Anderson, 1991; Tang and Huang, 
1995). It was found that in alkaline solution OH
•
 radicals were mainly generated by 
oxidizing more hydroxide ions available on TiO2 surface, thus the efficiency of 
photocatalytic process was enhanced. However, it should be noted that in alkaline 
solution there is a Coulombic repulsion between the negatively charged surface of the 
photocatalyst and the hydroxide anions. This fact could prevent the formation of OH
•
 
radicals and thus decrease the photooxidation rate (Konstantinou and Albanis, 2004).  
Various patterns have emerged, ranging from a simple monotonic improvement in 
rate with increased pH or a logarithmic decrease in rate with pH to nonlinear behaviour 
featuring a minimum or maximum in rate as one moves from an acidic solution to 
quite alkaline media (Pareek and Adesina, 2003). For example, Lea and Adesina 
(2001) reported that the oxidative photodegradation rate of 4-nitrophenol decreased 
exponentially (from pH 5) in strong alkaline solution. This sharp decrease was ascribed 
to a drop in active sites with increased OH ions as well as a decrease in the equilibrium 
adsorption constant for the organic substrate. In addition, the solvation of nitrophenol 
in water was retarded by high pH values.  
Wei and Wan (1991) investigated the photocatalytic oxidation of phenol in 
oxygenated solution with suspension of titanium dioxide powders. It was found that 
the percentage phenol removal during photocatalytic oxidation initially increased with 
pH, attaining a maximum (50% conversion) at a value of 7 before immediately 
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plummeting to about 10% removal at pH between 10 and 11. Such a sharp decrease in 
conversion was due to competitive adsorption between the excess OH- ions and 
phenoxide anion on the TiO2 surface. 
Inel and Ӧkte (1996) reported that the photocatalytic decomposition of malonic acid 
was first-order kinetics at low pH (< 6) but changed to zero order at higher values. 
Malonic acid was diprotic, with two pKa values (pK1 = 2.85 and pK2 = 5.69), and at 
low pH, only one H+ was extractable, thus limiting the rate of mineralization to CO2. 
However, at pH > 7, the two ionizable hydrogens would be abstracted, leading to a 
substantial increase in reaction rate. Indeed, when the substrate is not easily ionizable, 
the photodegradation rate may be practically unaffected by changes of the pH of the 
environment (Pareek and Adesina, 2003). 
Piscopo et al. (2001) studied the influence of pH (in the range 3-11) on the 
photocatalytic degradation of para-hydroxybenzonic acid (4-HBZ) with titanium 
dioxide suspensions. It was found that the degradation rate increased with the pH 
decrease. The effect of the pH on the degradation rate of 4-HBZ was not only 
depended on the TiO2 charge surface but also on the formation of hydroxyl free 
radicals.  
The effect of pH on photocatalytic degradation of organic acids is complicated by 
the speciation changes of these compounds. In most case, anionic organic are more 
reactive than the protonated molecular species, which are common for electrophilic 
oxidation (Davis, 1994). Oxidation of the pentachlorophenolate ion at high pH 
proceeded faster than that of molecular pentachlorophenol at pH 3 (Barbeni et al., 
1985). Palmisano et al. (1989) investigated the effect of pH on the initial reaction rate 
of phenol and 2- and 3-, and 4-nitrophenols. The highest photoactivity was found in 
the alkaline region. 3-nitrophenol photocatalytic oxidation was less pH-dependent than 
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that of the 2-and 4-isomers. Hustert and Zepp (1992) examined the photocatalytic 
oxidation of three commercial azo dyes and a model compound, 4-
hydroxyazobenzene. It was found that orange G was oxidized much faster at pH 12 
than at pH 7, apparently due to the deprotonation of this weak organic acid dye.  
Increasing pH may also cause a nernstian shift of the band edges of the 
photocatalyst to more negative values and hence a decreased oxidation potential of the 
valence band positive holes. For the commonly used TiO2 catalyst, the potential of 
valence band, EVB, is linearly related to the solution pH via 
pHEVB 059.015.3 −=                                                                                       (2.25)                
Since the oxidation potential of the hydroxyl species is 2.8V, Eq 2.25 suggests that 
at pH > 5.9, a decrease in reaction rate should be expected, and this has been 
documented in several cases.  
However, Mills et al (1993) reported that the photodegradation rate was not found to 
be strongly dependent on pH value. Higher reaction rates for different TiO2-sensitized 
photomineralization can be obtained at both low and high pH value.  
2.5  Enhancement of photocatalytic reaction rate 
Although the photocatalytic degradation of contaminants by TiO2 is explored as a 
promising strategy for wastewater treatment, its practical application is limited, to 
some extent, by significant radiation energy losses due to the electron-hole 
recombination process (Herrmann, 1999; Zhang, 2000). While the desirable pathway 
for the electrons and holes is to reach the catalyst surface and generate other effective 
reactive species (i.e., superoxide radical anion and hydroxyl radical, respectively), the 
majority of electrons and holes recombines in the volume or at the surface of the 
catalyst (Dionysiou et al., 2004; Linsebigler et al., 1995). This recombination effect is 
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detrimental to the photocatalytic process and the photon energy is lost as heat. One 
way to partially overcome this problem is to use efficient electron acceptors that will 
capture the electrons and inhibit the recombination effect (Ollis et al., 1991; Hagfeldt 
and Grätzel, 1995). Hydrogen peroxide and ozone are the most commonly and 
relatively efficient electron acceptors. Another way to prevent the recombination of 
electrons and holes is doping of noble metal onto TiO2 catalyst because such noble 
metals can trap photo-generated electrons, and subsequently increase the photo-
induced electron transfer rate at the interface (Hwang et al., 2003). 
2.5.1  Hydrogen peroxide 
Hydrogen peroxide, the simplest of the peroxides, is an important precursor in 
chemical synthesis. It is also an integral component of several chemical oxidation 
technologies including Fenton, photo-Fenton, UV-based chemical oxidation, 
polyoxometallate process, and higher valence transition metal-based oxidation (Hislop 
and Bolton, 1999; Esplugas et al., 2002; Antonaraki et al., 2002; Bora et al., 2001). It 
is considered environmentally friendly since it is composed only of hydrogen and 
oxygen atoms and under appropriate condition can yield environmentally desirable 
final products, such as water or hydroxyl ions. Due to its environmentally friendly 
property, hydrogen peroxide was recently of great interest in several applications 
dealing with “green” chemistry. Along with its application in several other advanced 
oxidation technologies, hydrogen peroxide is often used as an oxidant additive in TiO2 
photocatalytic processes to enhance the rates of photocatalytic reactions (Cornish et al., 
2000; Aceituno et al., 2002; Wong and Chu, 2003; Bertelli and Selli, 2004). Other 
oxidants, such as persulfate and peroxymonosulfate (Malato et al., 1998), are also used 
while hydrogen peroxide is more popular due to its advantages as a “green” additive.  
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The enhancement of the photocatalytic rates using hydrogen peroxide was attributed 
to several factors. First, hydrogen peroxide is a better electron acceptor than oxygen 
(Cornish et al., 2000; Ohno et al., 2001; Malato et al., 1998). The potential for oxygen 
reduction is -0.13 V while that of H2O2 reduction is 0.72 V (Cornish et al., 2000). Sun 
and Bolton (1196) developed a reliable method for the determination of the quantum 
yield of hydroxyl radical production in heterogeneous systems. It was found that the 
removal of photo-generated electrons in the conduction band by oxygen reduction was 
the rate-controlling step in the photocatalytic mechanism. Gerischer and Heller (1991) 
reported that the rate constant for electron transfer to oxygen may be the decisive 
factor, determining the efficiency of spontaneous photoelectrochemical processes on 
semiconductor particles when oxygen was the electron acceptor. Therefore, the 
conditions that favor the removal of conduction band electrons can have a positive 
effect on the photocatalytic process.  Such conditions include enhanced concentration 
of oxygen and addition of other efficient electron acceptor, such as hydrogen peroxide.  
Second, addition of hydrogen peroxide can enhance the rate of generation of 
hydroxyl radicals. This can be the consequence of different mechanisms. One is the 
generation of hydroxyl radicals by direct photolysis of hydrogen peroxide. Based on 
the first law of photochemistry, this requires that hydrogen peroxide absorbs the 
photons of incident radiation and that the radiation energy is sufficient to cause 
photocleavage of the molecule (Dionysiou et al., 2004). In most of the studies 
employing solar radiation or artificial UV source emitting near-UV radiation, it is 
unlikely that the direct photolysis of hydrogen peroxide will be important. Although 
radiation energy with wavelength of 561.6 nm or shorter is energetically sufficient to 
split the O-O bond (213 kJ/mol) of the H2O2 molecule, this will not practically become 
significant at wavelengths longer than 300 nm since the hydrogen peroxide absorbs 
 56
                                                                                          Chapter 2 Literature Review          
radiation strongly only at the lower wavelength range (λ < 300 nm). Another pathway 
is the reaction of hydrogen peroxide with superoxide radical to generate hydroxyl 
radicals (Cornish et al., 2000). Hydrogen peroxide can also be beneficial in situations 
where there is limited availability of oxygen (Saquib and Muneer, 2003). 
Several groups have studied the effect of hydrogen peroxide on the photocatalytic 
degradation of organic pollutants. Poulios et al. (2003) investigated the photocatalytic 
degradation of eosin Y in aqueous heterogeneous solutions containing TiO2 
photocatalyst with the addition of hydrogen peroxide. A beneficial effect was observed 
and the rate enhancement factor was higher than 2 for both the parent contaminant and 
the dissolved organic carbon. Bandala et al. (2002) investigated the photocatalytic 
degradation of pesticide Aldrin in water by TiO2 in the presence of hydrogen peroxide 
and the results showed that the use of H2O2 increased the degradation rate. Machado et 
al. (2003) also reported the positive effect of the addition of hydrogen peroxide for the 
photocatalytic decomposition of the organic matter present in effluent from a cellulose 
and paper industry. On the other hand, Dillert et al. (1996) studied the degradation of 
2,4,6-trinitrotolune and 1,3,5-trinitrobenzene in TiO2 suspensions by varying the 
concentration of hydrogen peroxide. The results showed that the addition of hydrogen 
peroxide to the suspensions resulted in decreasing reaction rates possibly due to the 
competition of H2O2 with the nitroaromatic contaminants for conduction band 
electrons.  
However, most of previous studies reported that there was an optimum 
concentration for addition of hydrogen peroxide during photocatalytic degradation of 
organic pollutants. Cornish et al. (2000) reported the enhanced photocatalytic 
degradation of microcystin-LR following the addition of hydrogen peroxide to a 
UV/TiO2 system. At higher concentrations hydrogen peroxide was found to compete 
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with microcystin-LR for surface sites on the catalyst while at low hydrogen peroxide 
concentration this competitive adsorption was not observed. Zhao et al. (1995) studied 
the feasibility of photocatalytic degradation of organophosphorus pesticide using thin 
films of TiO2. It was found that H2O2 was suitable for trapping electrons, preventing 
the recombination of electron-hole pairs, thus increasing the chances of the formation 
of hydroxyl radical on the surface of TiO2. The highest photocatalytic degradation 
efficiency occurred at a concentration of 6 mM hydrogen peroxide. However, the 
enhancement effect was slightly lower at hydrogen peroxide concentration of 8 and 10 
mM with a gradually reducing trend. Haarstrick et al. (1996) investigated the 
photocatalytic degradation of 4-chlorophenol and p-toluenesulfonic acid using a 
fluidized bed photoreactor. It was found that the degradation rate increased with 
increasing hydrogen peroxide (up to 9 mM). The enhancement factor at hydrogen 
peroxide concentration of 2-3 mM was about 2, however, this factor did not increase 
considerably at higher concentrations.  
In summary, previous studies dealing with the role of hydrogen peroxide on 
photocatalytic degradation of organic contaminants reported positive, negative, or 
neutral effects. Most studies reported that hydrogen peroxide could increase the 
reaction rate or cause inhibition effects depending on its concentration in the reaction 
solution. The following pertinent reactions can present the complex role of hydrogen 
peroxide in TiO2 assisted photocatalytic reaction. 
( )−+ +→+ ehTiOhvTiO 22                                                                                (2.26) 
•⎯→⎯ OHOH hv 222                                                                                             (2.27) 
+•+ +→+ HOHhOH ads)(2                                                                               (2.28) 
•+− →+ OHhOH ads)(                                                                                          (2.29) 
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−•− →+ 22 OeO                                                                                                    (2.30) 
( ) •+− →++ 22 HOHeO ads                                                                                    (2.31) 
22222 OOHHOHO +→+ ••                                                                                 (2.32) 
2222 OHOHOO +→+ −•−•                                                                                    (2.33) 
222 OHHHO →+ +−                                                                                             (2.34) 
( ) −•− +→+ OHHOeOH ads22                                                                            (2.35) 
2222 OOHHOOOH ++→+ −•−•                                                                       (2.36) 
( ) ++ +→+ HOhOH ads 22 222                                                                             (2.37) 
( ) OHeHOH ads 222 222 →++ −+                                                                         (2.38) 
( ) +•+ +→+ HHOhOH ads 222                                                                              (2.39) 
( ) (adsads OHHeO 222 22 →++ +− )                                                                         (2.40) 
•+−• ⇔+ 22 HOHO                                                                                              (2.41) 
22 OhO tr →+ +−•                                                                                                    (2.42) 
•• +→+ 2222 HOOHHOOH                                                                              (2.43) 
2222 OOHHOHO +→+ ••                                                                                 (2.44) 
22OHHOHO →+ ••                                                                                         (2.45) 
22222 OOHHOOHHO ++→+ ••                                                                     (2.46) 
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    In these reactions e- and h+ refer to conduction band electron and valence band hole, 
respectively. On the other hand,  refers to a trapped hole. As shown in Eq 2.35, 
addition of hydrogen peroxide at low concentration will trap the electron and reduce 
the recombination rate of electron-hole pairs. However, addition of large amounts of 
hydrogen peroxide in the feed solution will diminish the effectiveness of the process 
due to favorable inhibiting reactions that scavenge hydroxyl radicals as well as due to 
competitive adsorption between hydrogen peroxide and organic contaminants. 
+
trh
2.5.2  Ozone 
In TiO2 photocatalytic oxidation process oxygen is widely used as an additional 
oxidizing agent. The disadvantage is the slow electron transfer from TiO2 to O2 
(Hoffmann et al., 1995). Ozone is a powerful oxidant (E0 = 2.07 V) and reacts with 
many compounds via direct or indirect reactions (mainly OH
•
). Electrophilic attack by 
ozone molecules may occur at atoms with a negative charge density or double/triple 
bonds such as carbon-carbon, etc. Indirectly, ozone can react by the free radicals (OH
•
, 
E0 = 2.80 V) which is a powerful and nonselective oxidant and can react with almost 
all organic compounds (Li et al., 2003). Therefore, ozone is commonly used as an 
oxidant in TiO2 photocatalytic oxidation processes to accelerate the photoreaction rate 
and completely mineralize the organic compounds due to its strong oxidation capacity. 
The recent development in O3/TiO2/UV system is delineated as follows. 
Krapfenbauer and Getoff (1999) investigated the photolysis of aqueous EDTA in the 
presence of oxygen, ozone and TiO2 individually and in mixtures of them. It was found 
that very high EDTA degradation yields were obtained by the synergistic action of UV 
light in the presence of ozone and TiO2. In addition, by increasing the O3 concentration 
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the degradation yield was strongly increased. This combination of methods was the 
most promising one in respect to an economical degradation of pollutants in water. 
The influence of ozone on the photocatalytic oxidation of monochloroacetic acid 
and pyridine with TiO2 was investigated by Kopf et al. (2000). It was observed that the 
photocatalytic ozonation of monochloroacetic acid and pyridine which did not react 
with ozone alone under given conditions led to 6 and 24 times higher degradation rates 
than without TiO2 and 4 and 18 times higher rates than without ozone. Moreover, the 
photocatalytic ozonation showed the lowest specific energy consumption (Kw h/g 
DOC-reduction) of the different processes under experimental conditions. 
Li et al. (2003) studied the photocatalytic oxidation of catechol over carbon-black-
modified TiO2 thin film supported on Al sheet. The experiments showed that ozone 
concentration had an important effect on TOC removal. The complete mineralization 
of catechol followed pseudo-zero-order kinetics dependent upon ozone concentration. 
The kinetic study showed that the rate constants in the complete mineralization of 
catechol with TiO2/UV/O3 were 1.32-1.80 times higher than that of UV/O3 with the 
same concentration of ozone. The rate constants were 2.56-5.36 times higher than the 
maximal rate constants of TiO2/UV/O2 and 4.68-9.8 times higher than the maximal 
rate constants of TiO2/UV. 
Zhang et al. (2003) reported the positive effect of addition of ozone on 
photocatalytic degradation of trace toluene in the gas phase. In particular, the 
deactivation of the photocatalyst at high inlet concentration of toluene was avoided in 
the presence of ozone. The TiO2/UV/O3 process was more efficient than the O3/UV in 
decomposing toluene in most cases. In addition, the residual ozone concentration in the 
TiO2/UV/O3 was much lower than that in the O3/UV process.  
 61
                                                                                          Chapter 2 Literature Review          
Addamo et al. (2005) studied the oxidation of oxalate anion in aqueous alkaline 
solution by using ozonation and photocatalysis in the presence of TiO2. The results 
showed that the simultaneous presence of photocatalysis and ozonation exhibited a 
significant improvement of the process performance as the oxidation rate of oxalate 
anion was greatly enhanced in comparison with the photocatalysis or ozonation 
process alone. The plausible reason for this enhancement was that the presence of 
ozone on UV-irradiated surface of TiO2 enhanced both the photogeneration of 
hydroxyl radicals and the photoadsorption of oxalate anions. 
However, the inhibiting effect of addition of ozone on decomposition of gas-phase 
trichloroethene (TCE) was also found by Shen and Ku (2002). It was found that the 
removal of gaseous TCE was reduced by UV/TiO2 process in the presence of ozone 
because the ozone molecules might scavenge hydroxyl radicals produced from the 
excitation of TiO2 by UV radiation to inhibit the decomposition of TCE.  
Therefore, in the present work, the effect of ozone on photocatalytic degradation of 
organic pollutants in the present of TiO2 was investigated. The photoreaction rate and 
mineralization of contaminants were examined. In addition, the energy consumption 
for various AOPs was also studied. 
2.5.3  Noble metal doping 
For heterogeneous photocatalytic reactions in the liquid phase and gas phase, the 
deposition of noble metals such as Ag, Au, Pd and Pt on semiconductor nanoparticles 
has been demonstrated to enhance their photocatalytic activities. The double-layer 
charging around the metal nanoparticles facilitates storage of the electrons within them 
(Subramanian et al., 2004; Wu and Tseng, 2006). Recent investigations have shown 
that metal-semiconductor composites exhibit shift in the Fermi level to more negative 
 62
                                                                                          Chapter 2 Literature Review          
potential, resulting in the enhancement of the efficiency of interfacial charge-transfer 
process (Subramanian et al., 2001; Subramanian et al., 2003; Subramanian et al., 
2004). The noble metal is recognized to act as a sink for photo-induced charge carriers, 
promoting interfacial charge-transfer processes. The enhancement of the photocatalytic 
activities of the semiconductor nanoparticles by loading metal islands on it is 
considered to be attributed to the basis of improving both charge separation and 
interfacial charge-transfer kinetics (Subramanian et al., 2003). 
Einaga and Harada (2005) deposited Pt particles on TiO2 catalyst by 3 steps and the 
average diameter of Pt particles was estimated to be 2.0 ± 0.5 nm. The Pt/TiO2 catalyst 
after the oxidation treatment showed higher activity for photocatalytic oxidation of CO 
to CO2 at room temperature than that obtained for pure TiO2 catalyst.  
Uetsuka et al. (2005) dispersed nanometer-sized Pt particles on an atomically flat 
surface of rutile TiO2. The trimethyl acetate adsorbed on the Pt-modified surface was 
photochemically decomposed under UV light irradiation in a vacuum. Furthermore, 
increasing the number of Pt particles led to an enhancement of the reaction rate.  
Yang et al. (2006) studied the photocatalytic production of hydrogen from liquid 
ethanol over Rh/TiO2, Pd/TiO2 and Pt/TiO2. It was observed that TiO2 showed 
negligible production of molecular hydrogen in the absence of the metal while the 
addition of Pd or Pt dramatically increased the production of hydrogen and a quantum 
yield of about 10% was reached at 350 K. On the contrary, the Rh doped TiO2 was far 
less active due to weak electron trapping capability of Rh metal in comparison with Pt 
or Pd or to the fact that a large fraction of Rh particles were non-metallic.  
Ishibai et al. (2007) reported that Pt modification of the surface of TiO2 increased 
photocatalytic activity under visible light irradiation, depending on the calcination 
temperature. Maximal photocatalytic activity was obtained at calcination temperature 
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300 ~ 400 ºC, which was correlated with the light adsorption properties of the Pt 
complex on TiO2 nanoparticles. It was found that TiO2 surface structure played an 
important role in the formation of Ti-O-Pt bonds, resulting in a large visible light 
adsorbance and high photocatalytic activity under visible light irradiation. 
However, the reported Pt effects have not been always positive. For example, 
Linsebigler et al. (1996) investigated the influence of deposited Pt metal clusters on the 
CO photooxidaiton reaction on the TiO2 (110) surface. An enhancement in the CO 
photooxidation rate or yield was not observed in the presence of Pt metal on TiO2 
surface. This result indicated that kinetic models involving Schottky-barrier electron 
trapping in metal deposits leading to enhanced electron-hole pair lifetimes were not 
applicable in the case of CO photooxidation on Pt/TiO2 (110). 
The negative effect of Pt particles on photodegradation of trichloroethylene (TCE) 
over Pt/TiO2 catalyst was also reported by Driessen and Grassian (1998). Pt/TiO2 was 
found to be less effective in the photooxidation of gas-phase TCE upon broad-band 
irradiation (λ > 300 nm) compared to TiO2. It was proposed that site blocking by the Pt 
particles of the most active sites was the cause of the decreased photoactivity. In 
addition, it was determined that the photoproduct distribution changed as a function of 
platinum loading. 
Klare et al. (2000) deposited the platinum clusters on the surface of the TiO2 
particles whereas the photo-platination led to a slight decrease of the photocatalytic 
activity. It was believed that deposition of Pt on TiO2 could facilitate the electron 
migration from the irradiated substrate to Pt, resulting in a decrease of the electron 
concentration at the titania surface. Accordingly, the adsorption of O2 might be 
diminished, which would reduce the formation of . Moreover, the photo-( )− adsO2
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generated holes then could be attached by the negatively charged Pt. The clusters of Pt 
can operate as recombination centers. 
Einaga et al. (2001) studied the photocatalytic oxidation of benzene in gas phase 
over 1.0 wt% Pt/TiO2 catalysts. It was noteworthy that the addition of Pt to TiO2 did 
not enhance the rate of benzene photooxidation in comparison with bare TiO2 catalyst. 
The authors suggested that the conflicting effects of Pt doped in TiO2, namely the 
suppression and enhancement of electron-hole recombination, competed with each 
other in the benzene photooxidation over Pt/TiO2, compensating both the positive and 
negative effects. 
Lee and Choi (2005) investigated the effect of Pt speciation on TiO2 on 
photocatalytic degradation of a few chlorinated compounds with several Pt/TiO2 
samples that were prepared differently. The oxidation state of Pt was the most 
important factor in determining the initial degradation rate of chlorinated organic 
compounds. TiO2 with oxidized Pt species (Ptox/TiO2) was less reactive than TiO2 with 
metallic Pt (Pt0/TiO2) for all substrates tested. In particular, Ptox/TiO2 strongly 
inhibited the photodegradation rate of trichloroethylene (TCE) and perchloroethylene 
(PCE) whereas it was more reactive than pure TiO2 for the degradation of other 
compounds. The photocurrents obtained with the Ptox/TiO2 electrode were lower than 
those with the Pt0/TiO2 electrode, which was ascribed to the role of Ptox species as a 
recombination center. 
On the other hand, the reported Pt effects on photocatalytic degradation of a specific 
substrate are often contradictory. For example, Zhao et al. (2002) reported that the 
photocatalytic degradation of Rhodamine-B (RB) dye on Pt/TiO2 was 3 times as fast as 
its degradation on naked TiO2, whereas Muradov (1994) observed that the platinization 
of TiO2 did not change the degradation rate of RB significantly. Reported experimental 
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results about the photocatalytic degradation of trichloroethylene (TCE) on Pt/TiO2 are 
contradictory as well. Chen et al. (1999) reported that the platinization of TiO2 
drastically reduced the photocatalytic degradation of TCE. On the contrary, Crittenden 
et al. (1997) reported that such a significant retardation in photocatalytic degradation 
of TCE was not observed with Pt/TiO2.  
The effect of Pt nanoparticles on photocatalytic activity of Pt/TiO2 catalyst is also 
influenced by its impregnation method. Conventional impregnation method for 
synthesis of Pt/TiO2 involves a number of processing step: soaking the TiO2 in a 
platinum precursor solution, drying, thermal decomposition of precursor salt, and 
reduction of the oxidized platinum to metallic particles (Li and Zeng, 2006). Because 
of uneven precursor-solution loading caused by gravitational settlement, Pt particles 
generated from this conventional process are normal polydispersed. Pt agglomeration 
is a major drawback for these kinds of methods. Furthermore, surface active sites are 
often diminished along these high-temperature treatments. Therefore, a new method 
for monodisperse of Pt particles on TiO2 surface with small particle size is desirable. 
2.6  Catalyst reuse 
Photocatalytic activity of TiO2 strongly depends on its microstructural and physical 
properties. A way to increase TiO2 photocatalytic activity is the preparation of 
nanostructured TiO2 to get a high surface area that is directly related with catalytic 
activity (Carpio et al., 2005). However, small TiO2 powder photocatalyst have to be 
removed from the degradation solution by centrifugation or filtration. The separation 
of these powder photocatalysts from solution after reaction could be very difficult, and 
meanwhile, the tendency to agglomerate into larger particles will result in a reduction 
of the photocatalytic activity during the cyclic use. Addition of the filtration step for 
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TiO2 removal complicates the overall design of the photoreactor, decreases its 
reliability, and increases its operating cost. Although a fixed bed reactor with TiO2 
firmly attached to an immobile support eliminates the necessity of TiO2 separation 
from treated suspension, a long-term use of a certain portion of TiO2 inevitably results 
in TiO2 deactivation. Thus, recent investigations on photocatalysis are oriented toward 
the synthesis of TiO2 photocatalyst which not only possesses good photocatalytic 
activity but also can be simply separated from reaction media as well as maintaining 
high activity. Two strategies are applied to prepare such catalysts, namely enlarging 
the particle size of TiO2 photocatalyst or modifying the TiO2 surface with hydrophobic 
materials to accelerate its gravity sedimentation, and synthesizing magnetic TiO2 
photocatalysts which can be separated with magnetic field. 
2.6.1  Sedimentation separation 
Relatively few studies have focused on the preparation of TiO2 catalysts with large 
particle size in order to separate them from suspension by sedimentation. For example, 
Bao et al. (2004) synthesized nanostructured porous H2Ti8O17.1.5H2O fibers with 
diameters of 0.5-1.5 µm and lengths of 10-20 µm. Such titanium fibers showed highly 
photooxidation activity in comparison with P25 at pH 6.0-11.0 due to certain 
distinguishable material characteristics and to large amounts of adsorbed hydroxyl free 
radicals. Both the total photodegradation of waste chemicals and the entire 
sedimentation of H2Ti8O17.1.5H2O fibers can be timed to end simultaneously at 
suitable pH value. The photocatalyst-free reaction solution was then easily removed, 
and the fresh wastewater was added again. 
Zhu et al. (2005) prepared titanate fibers with lengths at the scale of micrometers by 
hydrothermal reactions. These fibers showed good photocatalytic activity during 
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degradation of synthetic dye surforhodamine and can be readily separated by filtration 
or sedimentation after reaction due to their morphologies, which suggest their great 
significance for potential application as photocatalyst for the elimination of organic 
pollutants from water at an industrial scale.  
Yu and Xu (2007) prepared large-scale and single-crystalline anatase TiO2 nanorods 
via hydrothermal reaction of H-titanate fibers. It was observed that the pure anatase 
phase was formed and the samples reserved the rod-like morphology with a diameter 
of 20-200 nm at pH 2-7. Photocatalytic experiments indicated that the obtained single-
crystalline anatase TiO2 nanorods were highly active for photodegradation of organic 
pollutants. Furthermore, these nanorods can be easily recycled without decrease of the 
photocatalytic activity. 
In addition to increasing the particle size, the modification of TiO2 surfaces by 
hydrophobic group/materials is also carried out to make the catalyst settle faster. Janus 
et al. (2004) reported a new method of modification of TiO2 by carbon deposition from 
carbonization of organic vapor precursor. Carbon was deposited onto TiO2 by heating 
TiO2 at 400, 450, and 500 ºC in an atmosphere of n-hexane for 3, 4.5 and 6 h. Catalysts 
modified by n-hexane, had only a little lower catalytic photoactivity but showed almost 
eight times smaller turbidity of the solution after photocatalysis. The decrease of 
turbidity of the solution was caused by the presence of carbon. The presence of carbon 
in TiO2 reduced the hydroxyl groups on the surface of titanium dioxide via 
hydrocarbons groups and in this way changed the character of TiO2, from hydrophilic 
to hydrophobic. Similar results were obtained by Janus et al. (2006) during study of the 
photocatalytic activity of TiO2 modified by carbon via ethanol carbonization. The 
turbidity of the slurry solution decreased with increasing carbon content for all 
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prepared photocatalysts due to the change of their surface character from hydrophilic 
to hydrophobic. 
2.6.2  Magnetic separation 
In recent years, titania-coated magnetic particles have been proposed as a means to 
solve the difficulty of photocatalyst separation from the treated water by applying an 
external magnetic field. Compared to conventional supported TiO2 photocatalysts, the 
submicron sizes of the magnetic photocatalyst provide a larger surface area, which 
subsequently enables higher efficiency in photocatalytic degradation.  
Lee et al. (2004) coated anatase TiO2 nanoparticles with a size less than 10 nm on 
barium ferrite to form complete coverage by the controlled hydrolysis and 
condensation of titanium bis-ammonium lactato dihydroxide at a relatively low 
temperature (95 ºC). The as-prepared composite particles (hard magnetic barium 
(core)-anatase TiO2 nanoparticles (shell)) can be utilized as a magnetic photocatalyst, 
which can be fluidized and recovered by an applied magnetic field enhancing both the 
separation and mixing efficiency. The as-prepared TiO2-barium ferrite composite 
showed higher photocatalytic activity than the TiO2-barium ferrite composite heat-
treated at 500 ºC for 1 h. The higher photocatalytic activity of the unheated composite 
was due to higher specific surface area and preservation of the surface hydroxyl groups 
on TiO2.  
TiO2/SrFe12O19 composite nanoparticles with core/shell structure were synthesized 
by Fu et al. (2006). The as-prepared composite particles can be utilized as a magnetic 
photocatalyst, which can be fluidized and recovered by an applied magnetic field 
enhancing both separation and mixing efficiency for recyclable fluids. It was also 
found that the saturation magnetizations of titania-coated SrFe12O19 nanoparticles 
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decreased as increasing the thickness of the titania coating whereas their photocatalytic 
activities increased with the increasing the thickness of TiO2 layer. 
The magnetic photocatalyst particles with a core/shell structure of three layers 
coating Fe3O4 core particles with SiO2 and TiO2 were also reported by Kurinobu et al. 
(2007). The thickness of SiO2 and TiO2 layers are 55 nm and 27 nm, respectively. The 
magnetic photocatalyst particles efficiently decomposed organic pollutants and were 
easily recovered using a high gradient magnetic separation filter.  
Xu et al. (2007) synthesized a magnetically separable nitrogen-doped photocatalyst 
TiO2-XNX/SiO2/NiFe2O4 (TSN) with a typical ferromagnetic hysteresis. The prepared 
photocatalyst was photoactive under visible light irradiation and easily separated from 
a slurry-type photoreactor under the application of an external magnetic field. SiO2 
coating of the surface of NiFe2O4 nanoparticles prevented effectively the injection of 
charges from TiO2 particles to NiFe2O4, which gave rise to the increase in 
photocatalytic activity. Moreover, the recycled TSN exhibited a good repeatability of 
the photocatalytic activity.  
Qiu et al. (2007) studied the photocatalytic degradation of organic pollutants by 
polyoxometalate (POM)-based magnetic photocatalyst in an annular fluidized bed 
photoreactor. Results showed that this novel POM-based magnetic photocatalyst 
exhibited 2.7-4.2 times higher initial degradation rate and 2.7-3.8 times higher 
apparent quantum efficiency than the quartz sand supported TiO2 photocatalysts. 
Though it had lower degradation efficiency than suspended P25, it was proved that this 
POM-based magnetic photocatalyst could be efficiently separated from treated water 
by high-gradient magnetic separation, while the separation for P25 fine particles was 
quite difficult.  
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In these studies magnetically separable photocatalysts are usually prepared by sol-
gel process where heat treatment is essential. However, the materials used as the core 
of magnetic photocatalyst, such as Fe3O4 or γ-Fe2O3, are unstable under heat treatment. 
Therefore, it is inherently difficult to produce titania-coated particles with high 
photoactivity without loss of magnetic property by an ion oxide phase transition 
(Selwood, 1956; Xu et al., 2007). In addition, for the magnetic photocatalyst with 
core/shell structure, the presence of TiO2 shell and its increase in thickness is 
detrimental to the magnetic property of as-prepared materials. Therefore, further 
studies are still required to deal with these problems. 
 Chapter 3 Experimental Section 
CHAPTER 3 
EXPERIMENTAL SECTION 
3.1  Reagents and Apparatus 
    The chemicals and apparatus used in this PhD project are summarized in Table 3.1 
and 3.2, respectively. All the chemicals were used as received without further 
purification. 
Table 3.1 Chemicals used for synthesis of supported TiO2 photocatalysts. 
 
Chemicals Grade Supplier 
P25 76 wt.% anatase, 24 wt.% rutile Degussa 
Sodium hydroxide AG (99.9%) Merck 
Hydrochloride acid GR (37%) Merck 
Poly allylamine 
hydrochloride Mw ~ 70000 Aldrich 
Orange II 85% Sigma 
Potassium chloride GR (99%) Merck 
Titanium tetra iso-
propoxide 98% Aldrich 
Al-pillared 
Montmorillonite Pure Fluka 
β-Zeolite Pure Zeolyst International, UK 
Cetyltrimethyl-
ammonium bromide GR Merck 
Sulphate acid 95-97% Merck 
Potassium 
permanganate 99.6% Merck 
Hydrogen peroxide 35% Merck 
Potassium indigo 
trisulfonate Pure Aldrich 
Sodium dihydrogen 
phosphate 99.0% Fluka 
Phosphoric acid 99.0% Fluka 
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Nitric acid 1M titrisol Merck 
Triblock copolymer 
P123 Mw ~ 5800 Aldrich 
Tetraethyl 
orthosilicate 98% Aldrich 
Ammonia 28% Merck 
Ethanol 99.5% Aldrich 
Ammonium 
hexafluorotitanate 99.99% Aldrich 







ACS regent (37.5% 
as Pt) Sigma-Aldrich 
Dodecanethiol 98% Aldrich 
Toluene 99.9% Aldrich 
Sodium borohydride 98% Aldrich 
3-mercaptopropionic 
acid 99.0% Fluka 
Acetone ACS reagent (99.5%) Sigma-Aldrich 
Hydrofluoric acid 48-51% Tyco 
 
 
Table 3.2    Apparatus 
 
Apparatus Model or Specification Manufacturer 
Hot Plate & 
Magnetic stirrer KMC-130SH Vision Scientific 
Autoclave Stainless steel lined with Teflon Self-made 
Oven Binder FD240 Fisher Scientific 
Vacuum pump Thomas 2522C-02 Welch Vacuum 
pH meter Ioncheck 10 Radiometer Analytical 
Balance AND GF-2000(0.5-2100 g) 
Goldbell Weigh-
System 
Balance AB204-S (10 mg-220 g) 
MonoBloc Weighing 
Technology 
Furnace CWF1100 Carbolite 
Ultrosonics Transsonic 460/H ACHEMA 
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UV-lamp HPR 125 W Phillips 
Peristaltic pump Masterflex L/S Cole-Parmer 
Radiometer UVX-36 UVP 
UV-VIS 
spectrophotometer UV-1601 Shimadzu 
TOC analyzer 5000A Shimadzu 
Ozone generator COM-AD-02 Anseros Generator 
Zeta potentials 









Optima 3000DV Perkin-Elmer 
3.2  Synthesis of supported TiO2 photocatalysts 
3.2.1 Synthesis of MCM-41 
    According to the procedure developed by Kawi et al. (2002), pure siliceous MCM-
41 was prepared by hydrothermal synthesis using cetyltrimethylammonium bromide 
(CTMABr) as a template. 6 g of aerosil and 2 g of NaOH were dissolved in 90 g of 
water under heating (60–70 ˚C) and stirring for approximately 30 min. This mixture 
was labeled as Mixture A. Mixture B was prepared by dissolving 9.1 g of CTMABr in 
50 g of water under heating (60–70 ˚C) and stirring for approximately 30 min. Mixture 
B was added drop wise to mixture A under stirring. The pH of the resulting mixture 
was adjusted to 11 using 2 M HCl solution. After additional stirring at room 
temperature for 3 h, the mixture was then transferred to a Teflon bottle and statically 
heated in the oven (100 ˚C) for 3 days. The resulting solid was recovered by filtering, 
washing with deionized water and drying at 50 ˚C. To remove the organic template, 
the synthesized MCM-41 was calcined at 600 ˚C for 10 h using a heating rate of 1 ˚C 
min-1. 
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3.2.2 Synthesis of supported TiO2 photocatalyst by sol-gel method 
    TiO2 supported on the adsorbents were prepared by the sol-gel method (Takeda et 
al., 1995). The TiO2 sol was prepared by using 75 ml of 1 M HNO3 and 18.5 ml of 
titanium tetra iso-propoxide. First, titanium tetra-isopropoxide was added drop by drop 
to the 1 M HNO3 solution under continuous stirring for 2 hours to produce a 
transparent sol, which has approximately 5 gm of TiO2. Then, the sol was diluted with 
approximately 250 ml of deionized water and the pH was adjusted to 3 by adding 1 M 
NaOH. The pH adjustment was made to prevent destruction of the supports by reaction 
with acid.  Finally, a turbid colloid was formed as a result and a known amount of 
adsorbents (Al-pillared Montmorillonite, β-Zeolite or MCM-41) was added to the TiO2 
colloidal dispersion. The resulting mixed suspension was agitated for 1 hour at room 
temperature, followed by centrifuging and washing repeatedly until the pH reaches 
about 4.5. The supported catalyst was dried in an oven overnight, after which it was 
transferred into the furnace to be calcined at 300˚C. Final products were ground into 
fine powder and stored in the dark. 
3.2.3 Synthesis of Ti-SBA-15 by co-precipitation method 
The Ti-SBA-15 materials were synthesized using titanium isopropoxide and 
tetraethyl orthosilicate as titanium and silica source, respectively. Triblock copolymer 
P123 (EO20PO70EO20, Mav = 5800, Aldrich) was used as the template. All reagents 
were used as received. The typical synthesis procedure of Ti-SBA-15 was as follows. 2 
g of P123 was dissolve in 60 ml of 2M HCl solution at room temperature. After 4.4 g 
of tetraethyl orthosilicate (TEOS) was added to the above solution and mixed at 40 ºC, 
a given amount of titanium isopropoxide was added to the acidic solution under 
vigorous stirring for 24 h. The resultant mixture was then aged at 60 ºC for another 24 
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h without stirring. The samples were recovered, washed and dried at 100 ºC overnight. 
After calcination at 550 ºC for 8 h in air, mesoporous Ti-SBA-15 samples were 
obtained. The solid products are denoted Ti-SBA-15(X), where X stands for the Ti/Si 
ratios in the final products determined by using inductively coupled plasma-atomic 
emission spectroscope (ICP-AES) technique. The pure SBA-15 was also prepared 
according to the method described above without the addition of titanium 
isopropoxide.  
3.2.4  Synthesis of Ti-SBA-15 by impregnation method 
A typical synthesis procedure is described as following: SBA-15 was impregnated 
with titanium isopropoxide in an isopropanol solution and the above suspension was 
stirred for 20 h. After a given amount of DI water was added into suspension, the 
resultant mixture was mixed for 1h, washed with DI water, and crystaled at 110 ºC for 
24 h. The samples were recovered, washed, dried at 100 ºC overnight and calcined at 
550 ºC for 8 h in air (Wittmann et al., 2005). The solid products are denoted [Ti]-SBA-
15(X), where X stands for the Ti/Si ratios in the final products determined by using 
ICP-AES technique. 
3.2.5  Synthesis of silica microspheres 
A typical synthesis procedure is described as following: The synthesis of the SiO2 
microspheres was conducted in a 500 ml three-neck round-bottom flask. A Teflon 
wedge connected with a Teflon sprayed stick driven by an electric motor was used as 
stirrer. A variable flow mini-pump (Fisher scientific) was used to control the feeding 
of the chemicals. A mixture of 19g H2O, 2.8ml ammonia and 40ml ethanol was poured 
into a three-neck flask and stirred for 10 min (stirring speed: 300 MPH). Then a 
mixture of TEOS 2.7ml and Ethanol 60ml is added into the flask and allowed to react 
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for 4 h. Thus the seeds are successfully fabricated. Subsequently, a mixture of a certain 
amount of TEOS and 4 times the amount of ethanol was dripped at a speed of 5.15ml/h 
using a peristaltic pump. Two hours after the completion of the dripping, monodisperse 
silica beads could be washed and collected. The washing process involved 3 times 
washing by ethanol followed by 3 times washing by DI water using centrifugation and 
redispersion (Nozawa et al., 2005). 
3.2.6  Synthesis of SiO2/TiO2 core/shell photocatalysts 
A typical synthesis procedure is described as following: The surface of the silica 
spheres was functionalized by adsorption of polyelectrolyte poly allylamine 
hydrochloride (PAH, Mw ~ 70 000, Aldrich) using a layer-by-layer (LbL) technique 
(Strohm and Löbmann, 2005). About 20 ml of a PAH solution containing 1 g/l of PAH 
was added to 30 ml of a colloidal solution containing 0.5 g of silica spheres. The 
spheres were collected by centrifugation after the dispersion was magnetically stirred 
for 30 min, followed by three-time washing using deionized (DI) water to remove 
residual PAH. The PAH-coated silica spheres were dispersed in 40 ml of DI water. 
Then, a given amount of 0.6 mol/l (NH4)2TiF6 solution was added to the dispersion. 
The above dispersion was mixed under ultrasonic for 1 h and the pH was adjusted to 
2.85 using HCl (1M). Finally, a H3BO3 acid solution of 0.6 mol/l was added to the 
system under ultrasonic for 9 h. The solid spheres were collected by centrifugation, 
washed with DI water, and dried at 60 ºC overnight. The sample thus obtained is 
denoted as TS-X-Y, where X and Y stand for the average diameter in nm of the silica 
spheres and the thickness in nm of the titania film coated on the surface of the silica 
spheres estimated from scanning electron microscope technique. 
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3.2.7  Synthesis of SiO2/TiO2-Pt photocatalysts 
Monodisperse Pt particles on SiO2/TiO2 were prepared according to the method of 
Li and Zeng (2006). Briefly, 28 ml of tera-n-octylammonium bromide solution 
([CH3(CH2)7]4NBr, TOAB, 27 g/l in toluene) and 10 ml of H2PtCl6 solution (0.05 M) 
were vigorously stirred for 5 min to transfer H2PtCl6 to the toluene phase, followed by 
adding 4 ml of 0.22 M dodecanethiol (CH3(CH2)11SH, DDT) in toluene. Afterward, 20 
ml of freshly prepared 0.24 M NaBH4 aqueous solution was added to obtain a Pt 
nanoparticle suspension. Solid SiO2/TiO2 core/shell was added to 50 ml of a 3-
mercaptopropionic acid (MPA) solution (0.22 M in toluene). After 10 min, the Pt 
suspension was added under stirring for 3 h. Finally, the solid was washed with 
acetone, dried at 60 ºC overnight, and calcined at 500 ºC for 3 h to obtain a powder 
sample of gray color.   
3.2.8  Synthesis of TiO2 fiber 
    A typical synthesis procedure is described as following: 1 g commercial TiO2 (P25 
Degussa) was added into a 50 ml Teflon vessel then filled with 10 M NaOH aqueous 
solution up to 80% of the total volume. The hydrothermal reaction was carried out at 
200 ºC for 24 h, and then naturally cooled to room temperature, producing white 
Na2Ti3O7.xH2O precipitates. These white precipitates were isolated from solution by 
centrifugation and sequentially washed several times and dried at 70 ºC for 10 h. For 
ion-exchange, the sodium titanate nanofibers were immersed into a 0.1 M HNO3 
solution for 6 h, washed with deionized water for several times until the pH value of 
the solution was about 7, and then dried at 70 ºC for 10 h. The obtained H-titanate 
nanofibers were added into a 100 ml Teflon vessel then filled with dilute HNO3 
aqueous solution up to 80% of the total volume and maintained at 180 ºC for 24 h. 
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Finally, the products were isolated from the solution by centrifugation and sequentially 
washed with deionized water several times, and dried at 70 ºC for 10 h (Yu and Xu, 
2007). 
3.3  Characterization 
3.3.1 Scanning electron microscopy (SEM) 
    SEM uses a condensed, accelerated electron beam to focus on a specimen. The 
electron beam hits the specimen and produces secondary and backscattered electrons. 
Secondary electrons are emitted from the sample and collected to create an area map of 
the secondary emissions. Since the intensity of secondary emission is very dependent 
on local morphology, the area map is a magnified image of the sample. In this thesis 
work, SEM images were measured on a JEOL JSM-5600LV and a JEOL-6700F 
scanning electron microscope, which were operated at an acceleration voltage of 5, 10 
and 15 kV and filament current of 60 mA. Before measurement, the samples were 
stuck onto a double-face conducted tape mounted on a metal stud and coated with 
platinum with a sputter coater (JEOL JFC-1300 Auto fine coater). 
3.3.2 Energy dispersive X-ray spectrometry (EDX) 
    The EDX was also obtained from the scanning electronic microscopy. When an 
incident electron beam bounces through an atom to create secondary electrons, it 
leaves holes in the shells where the secondary electrons used to be. If these holes are in 
inner shells, the atom is not in a stable state. To stabilize the atoms, electrons from 
outer shells will drop into the inner shells, releasing some energy in the form of X-
rays. The X-rays emitted from the sample atoms are characteristic in energy and 
wavelength to, not only the element of the parent atom, but also which shells lost 
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electrons and which shells replaced them. These characteristic energies enable one to 
analyze a sample quantitatively and qualitatively. The energy of the electronic beam is 
typically in the range 10-20 KV. The energy of the X-rays emitted depends on the 
material under examination. The X-rays are generated in a region about 2000 
nanometers in depth, and thus EDX is not a surface science technique.  
3.3.3 Diffusive reflectance UV-Vis spectrophotometer (DR-UV) 
    The diffusive reflectance data was taken on a Shimadzu UV-3101PC UV-Visible-
near-infrared Scanning Spectrophotometer by utilizing an ISR-3100 integrating sphere 
attachment. The collection was made over the wavelength range 2400-200 nm. The 
samples were pressed as a pellet on a barium sulfate pellet sealed with a glass cover to 
maintain an inert atmosphere and a second barium sulfate pellet was used as an 
internal reference. 
3.3.4 N2 adsorption/desorption  
    In N2 adsorption analysis, a sample is exposed to N2 gas of different pressures at a 
given temperature (usually at -196 oC, the liquid-nitrogen temperature). Increment of 
pressure results in increased amounts of N2 molecules adsorbed on the surface of the 
sample. The pressure at which adsorption equilibrium is established is measured and 
the universal gas law is applied to determine the quantity of N2 gas adsorbed. Thus, an 
adsorption isotherm is obtained. If the pressure is systematically decreased to induce 
desorption of the adsorbed N2 molecules, a desorption isotherm is obtained. Analysis 
of the adsorption and desorption isotherms in combination with some physical models 
yields information about the pore structure of the sample such as surface area, pore 
volume, pore size and surface nature. The N2 sorption/desorption was carried out at 77 
K on a NOVA 1200 analyzer. The sample was degassed at 200 ºC for 5 h before the 
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measurement. Specific surface area was calculated by using the multiple-point 
Brunauer-Emmett-Teller (BET) model. The pore size distributions were obtained from 
the analysis of the adsorption branch of the isotherm by the Barrett-Joyner-Halenda 
(BJH) method. The total pore volume was obtained from the volume of nitrogen 
adsorbed at a relative pressure of 0.95. 
3.3.5 Magic-angle spinning-nuclear magnetic resonance (MAS-NMR) 
spectroscopy  
    Nuclear magnetic resonance (NMR) spectroscopy uses high magnetic fields and 
radio-frequency pulses to manipulate the spin states of nuclei. The position of NMR 
peaks reflects the chemical environment and nucleic positions of the atoms within the 
molecule. Chemical shift is defined as nuclear shielding / applied magnetic field. It is 
measured relative to a reference compound. For 29Si NMR, the reference is usually 
tetramethylsilane, Si(CH3)4. Solid-state magic-angle spinning nuclear magnetic 
resonance (MAS-NMR) spectra were collected on a Bruker DRX400 MHz FT-NMR 
spectrometer.  
3.3.6 X-ray diffraction (XRD)  
   X-ray diffraction (XRD) takes advantages of the coherent scattering of x-rays by 
polycrystalline materials to obtain a wide range of structural information. The x-rays 
are scattered by each set of lattice planes at a characteristic angle, and the scattered 
intensity is a function of the atoms, which occupy those planes. The scattering from all 
the different sets of planes results in a pattern, which is unique to a given compound. 
In addition, distortions in the lattice planes due to stress, solid solution, or other effects 
can be measured. TiO2 samples in the thesis were also identified by using X-ray 
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diffraction (XRD) on a Shimadzu XRD-6000 diffractometer (CuKα radiation) operated 
at 40 kV and 30 mA with a scanning speed of 0.02˚ s-1.  
3.3.7 X-ray photoelectron spectroscopy (XPS)  
    When a primary X-ray beam of precisely known energy impinges on sample atoms, 
inner shell electrons are ejected and the energy of the ejected electrons in measured. 
The difference in the energy of the impinging X-ray and the ejected electrons gives the 
binding energy (Eb) of the electron to the atom. Since this binding energy of the 
emitted electron depends on the energy of the electronic orbit and the element, it can 
be used to identify the element involved. Further, the chemical form or environment of 
the atom affects the binding energy to a considerable extent to give rise to some 
chemical shift, which can be used to identify the valence of the atom and its exact 
chemical form. In this experiment, XPS spectra were obtained using AXIS HIS 
(Kratos Analytical Ltd., U.K.) with an Al Kα X-ray source (1486.71 eV protons), 
operated at 15 kV and 10 mA. The pressure in the analysis chamber was maintained 
below 10-8 torr during each measurement. The spectral regions of the Ti 2p, O 1s, C 1s 
and Si 2p peaks were acquired. All spectra were fitted by a software package XPSpeak 
4.1 with the subtraction of Shirley (for transition metals) or linear background (for 
other elements) and a ratio of 0% Lorentzian-Gaussian. In charge-up correction, the 
calibration of binding energy (BE) of the spectra was referenced to the C 1s electron 
bond energy corresponding to graphitic carbon at 284.6 eV. 
3.3.8 Zeta potential  
    The zeta potentials of the TiO2 catalysts in solution were measured by Zetaplus 100. 
The catalysts powder was suspended in ultra pure water and the pH of the solution was 
adjusted using 1 M NaOH or 1 M HNO3. Mechanical shaking was applied before 
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analysis to keep the suspension of the colloids. 7 runs were taken for each sample and 
each sample was tested twice. 
3.3.9  Transmission electron microscopy (TEM) 
    Before measurement, the sample was dispersed in ethanol and then dripped and 
dried on a copper grid. In the operation of TEM, an electron beam is focused on a 
specimen and part of the electron beam is transmitted. This transmitted portion is 
focused by objective lens into an image and the image is passed down through enlarge 
lenses and a projector lens, being enlarged all the way. In the experiment, the TEM 
was used to characterize the internal structure of particles and the TEM images were 
obtained on a JEOL 2010 transmission electron microscope, operated at an 
acceleration voltage of 200 kV. 
3.4  Evaluation of photocatalytic activity 
The photocatalytic activity of the photocatalysts was evaluated by measuring the 
degradation rate of orange II under UV light illumination. Orange II is a non-
biodegradable synthetic dye with a molecular formula of C16H11N2NaO4S, being 
widely used in the textile industry. The photocatalytic measurements were carried out 
in a semi-batch swirl flow reactor. An aqueous solution containing orange II was 
pumped tangentially into the reactor from a reservoir using a peristaltic pump. The 
reservoir was jacketed and maintained at a temperature of 25 ºC throughout the 
experiment. A high-pressure mercury vapor lamp (Phillips HPR 125 W) was used as 
the UV-light source with a wavelength of 365 nm. The detailed schematic view of the 
experimental set-up is illustrated in Figure 3.1. 
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Figure 3.1 A schematic diagram of the experimental set-up. 
 
The synthesized photocatalyst was added into orange II solution under magnetic 
stirring without UV irradiation for 30 to 70 min and water samples were taken from 
water reservoir at regular interval to study the adsorption kinetics. Solution pH was 
adjusted before catalyst addition in the cases of evaluating pH effect on adsorption and 
photoreaction. After adsorption equilibrium, UV light was switched on and light 
intensity was measured after 10 min illumination for each run of experiment. A sample 
volume of about 6 ml was collected by a syringe and filtered with Millex Millipore 
filter (0.1 μm) to remove the catalyst before analysis.  In some experiments the catalyst 
was recycled from solution by sedimentation after orange II was completely 
decomposed. The orange II concentrations before and after reaction were measured by 
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spectrophotometer was set at 485 nm. Total Organic Carbon (TOC) was measured by 
TOC analyzer (5000A, Shimadzu) with ASI-500 autosampler to measure the extent of 
mineralization under different conditions.  The turbidities of SiO2/TiO2, SiO2/TiO2-Pt 
and P25 slurries were measured by using a turbidimeter (Hach 2100N) after orange II 
was completely decomposed. 
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CHAPTER 4 
REDISPERSION OF TiO2 NANOPARTICLES IN 
AQUEOUS PHASE BY VARYING SOLUTION pH AND 
SURFACE MODIFICATION WITH POLYELECTROLYTE 
4.1 Introduction  
Titanium dioxide (TiO2) nanoparticle catalysts, such as P25, are a promising 
semiconductor photocatalyst for the treatment of organic pollutants in water and 
wastewater. However, the commercial success of practical implementation of TiO2 
catalyst depends on solution of several key problems. One of these problems is 
spontaneous aggregation in suspension due to small particle size which decreases the 
photocatalytic activity of TiO2 nanopowder. The aggregation state of the particle in the 
form of a powder can be described by the aggregation coefficient (Yaremko et al., 





S +=                                                                                                    (4.1) 
Where VA = energy of dispersive attraction between particles, VB = kinetic energy of 
Brownian motion, and VC = change of the particle potential energy by their movement 
due to the attraction force.  
    If S < 1 particles stay apart; if S > 1 particles tend to aggregate. Increase of S 
indicates that the probability of aggregation processes in powders increases. It has been 
reported that the particles of metal oxide powders with radius smaller than 10 μm were 
present in their aggregation state (Yaremko et al., 2001). Yaremko et al (2006) also 
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reported that TiO2 particles would be aggregated if their dimensions were between 2.4 
nm and 5.7 μm, and the most advanced stage of aggregation was observed for particles 
with diameter 0.62 μm. The particle aggregation depends on numerous factors such as 
volume fraction of the solid phase, interaction energy between particles and intensity 
of mechanical agitation (Yaremko et al., 2001; Yaremko et al., 2006). 
To overcome this problem, surface modification using polyelectrolytes and 
surfactants (Sato and Kohnosu, 1991; Hoogeveen et al., 1996; Ninness et al., 2002; Li 
and Tripp, 2004; Lebrette et al., 2004; Yaremko, et al. 2006) and adjusting the pH of 
the reaction system (Mange et al., 1993; Martyanov et al., 2003; Li et al., 2007) have 
been reported. For example, Sato and Kohnosu (1991) reported that surfactant 
(polyoxyethylene diethylenetriamine dialkylamide) at optimal concentration could 
stabilize the TiO2 particles due to electrical repulsion. It was also reported that 
increasing the charge of TiO2 particles via shifting pH in the acidic or basic direction 
could stabilize the suspension due to alternation in the size of the suspension 
aggregation (Martyanov et al., 2003). The main strategy of these studies is to enable 
TiO2 nanoparticles to carry surface charges, thus stabilizing themselves in a liquid 
phase because of the strong electrostatic repulsion. In the meantime, the adsorption 
affinity of TiO2 toward organic contaminants can be significantly enhanced if the 
organics carry opposite charges (Li et al., 2007). However, the main interest in the 
abovementioned studies focuses on elimination of TiO2 particle aggregation or 
enhanced adsorption of TiO2 particles toward target pollutants. The effects of 
decreasing particle size and enhancing adsorption capacity on subsequent 
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In the present work, we evaluated the photocatalytic activity of TiO2 nanoparticles at 
different catalyst dosages and studied the effect of TiO2 particle agglomeration in 
suspension on its photoactivity. The surface properties of TiO2 nanoparticles were 
altered by varying the solution pH and polyelectrolyte modification to eliminate the 
particle aggregation, to increase the adsorption capacity, and to enhance the 
photocatalytic activity of TiO2 nanoparticles. Orange II dye was chosen as the 
representative organic compound to evaluate the photocatalytic properties of the TiO2 
photocatalysts.  
4.2 Results and Discussion  
4.2.1 Effect of catalyst dosage on its photoactivity  
The photocatalytic activity of P25 powder at various catalyst dosages was evaluated 
to address the question whether the P25 nanopowder aggregated in suspension and 
how this aggregation could influence its photocatalytic activity. P25 shows poor 
adsorption capacity toward orange II due to small surface area, therefore, the photo-
degradation rate is dependent on orange II concentration in aqueous phase. The 
photocatalytic reaction rate was modeled with zero and first order kinetic rate law. The 
experiment results showed the degradation of orange II by P25 followed first-order 
kinetics with respect to orange II concentration in water and Table 4.1 summarizes the 
photoreaction rate constants at different catalyst dosages. 
As shown in Table 4.1, the photoreaction rate increased with the catalyst dosage 
although the scope of this increase was not proportional to that of increase in catalyst 
dosage. Especially at high catalyst dosage, the photodegradation rate was enhanced 
only slightly even after doubling the catalyst amount. In order to further evaluate the 
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catalyst efficiency, the photoreaction rates normalized by catalyst amount used in each 
run are also shown in Table 4.1.  
Table 4.1 The photocatalytic reaction rate (K) of decomposition of orange II at various 
catalyst dosages. Experiment condition: Co = 30 mg/l, UV light intensity = 260 w/m2, 






Photoreaction rate constant after 
normalization by catalyst 
amount (K, min-1.TiO2g-1) 
P25 (0.15 g/l) 0.022 0.147 
P25 (0.30 g/l) 0.03 0.10 
P25 (0.50 g/l) 0.035 0.07 
P25 (0.70 g/l) 0.04 0.057 
P25 (1.0 g/l) 0.041 0.041 
P25 fiber (0.5 g/l) 0.029 --- 
 
Interestingly, the normalized photoreaction rate decreased with the increase of 
catalyst dosage. The most efficient catalyst dosage for photodegradation of orange II 
was 0.15 g/l, the lowest concentration of series of catalyst dosages. A plausible reason 
is that the P25 nanopowder agglomerates in suspension, especially at high dosage, 
which decreases the effective surface area and subsequently reduces its photocatalytic 
activity. The photocatalytic activity of TiO2 fiber was also evaluated and used as a 
reference to show how the particle aggregation can reduce the surface area and depress 
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Figure 4.1 FESEM images of P25 nanoparticles (a and b) and TiO2 nanofibers (c and 
d). 
 
It should be noted that the TiO2 fiber was synthesized by P25 nanopowder and it can 
be used to some extent as a representative where the P25 nanoparticle is highly 
agglomerated. As shown in Table 4.1, the TiO2 fiber showed even slightly poorer 
photoactivity in comparison with P25 powder (0.3 g/l) although the catalyst dosage of 
the former was 1.6 time higher than that of P25 powder. It is a good example to 
illustrate that with the increase of particles in suspension, the spontaneous aggregation 
occurs and the particle grows up, like a fiber in this case, which results in the loss of 
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Figure 4.2 Particle size distribution of P25 in suspension (a) P25 (0.15g/l) at natural 
pH (7.1), (b) P25 (0.5g/l) at natural pH, (c) P25 (0.15 g/l) at pH 2.60. (d) P25 (0.15 
mg/l) modified by PAH (6.67 mg/l). 
 
The P25 particle size in suspension at different dosages was monitored by Laser 
light scanning techniques to confirm the above conclusion. As shown in Figure 4.2, the 
mean particle size of P25 in suspension at concentration of 0.15 g/l and 0.5 g/l was 407 
nm and 1220 nm (see curves a and b), respectively. It can be obviously seen that the 
particle size increases greatly with the catalyst dosage because of spontaneous 
aggregation. This result further confirms the previous conclusion that the P25 
nanoparticles aggregate spontaneously in suspension, especially at high concentration. 
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4.2.2 Redispersion of TiO2 nanoparticles in aqueous phase by varying solution 
pH  
In the present work, two strategies were applied to prevent the particle aggregation 
in aqueous phase, namely solution pH changing and polyelectrolyte modification. By 
varying the solution pH, the zeta potential of TiO2 particle is altered and the surface 
charge of particles could abate the aggregation and improve the adsorption toward 
organic contaminants if the organics carry opposite charges.  


























Figure 4.3 Zeta potential of P25+PAH (6.67 mg/l) after 95 min UV illumination (a), 
pure P25 (b), P25+PAH (1 mg/l) (c), P25+PAH (2 mg/l) (d), P25+PAH (3.33 mg/l) 
(e), P25+PAH (5 mg/l) (f), and P25+PAH (6.67 mg/l) (g). 
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Curve b in Figure 4.3 shows the zeta potential profiles of P25 as a function of pH. 
As expected, the zeta potential was positive at low pH and decreased as the pH 
increased. The following surface reactions for the P25 catalyst are expected to occur at 
different pH: 
 
At pH < pHpzc :  TiOH  +  H+  Æ TiOH2+                          (2.15) 
 
At pH > pHpzc : TiOH + OH- Æ TiO- +  H2O                (2.16) 
  
It’s reasonable to conclude that the particle aggregation in suspension could be 
abated due to the electrostatic repulsion in an acidic environment, as shown in Figure 
4.2 (see curve c). The mean particle size was sharply reduced to 79 nm, less than one 
fifth of that in natural pH. Therefore, the particle agglomeration could be reduced by 
altering solution pH to make the particle charged either positively or negatively. This 
conclusion is consistent with previous studies (Mandzy et al., 2005; Yaremko et al., 
2006). However, most of these studies only focus on the relationship between particle 
aggregation and solution pH. Further investigation on the effects of decreasing particle 
size and enhanced adsorption of TiO2 nanopowder photocatalyst on subsequent 
photocatalytic reaction rate is rarely studied. Therefore, in this work the subsequent 
photocatalytic degradation of orange II after breaking up TiO2 particle aggregation by 
varying solution pH was investigated as well. 
It should be noted that the present study mainly focused on acidic condition since 
the TiO2 particles were positively charged at pH below 7 while orange II was 
dissociated as negatively charged sulfonate ions in aqueous phase.  
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The expected enhancement of photocatalytic activity due to larger surface area and 
improved adsorption can be seen from Figure 4.4. Obviously, TiO2 showed better 
performance in acidic condition than it did in natural pH. These results indicate that 
altering solution pH is an effective strategy to improve the TiO2 photocatalytic activity. 
The subsequent work focused on the dependence of adsorption and photoactivity on 





























 nature pH (7.1)
 pH = 2.6
 
Figure 4.4 The effect of solution pH on photocatalytic reaction rate. Experiment 
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Figure 4.5 The effect of solution pH on adsorption of orange II on P25. Experiment 
condition: Co = 50 mg/l, catalyst dosage = 0.5 g/l. 
 
Figure 4.5 shows the adsorption of orange II on P25 at various solution pH. 
Experiment data for adsorption well fitted with Langmuir adsorption model. The 
adsorption was greatly enhanced with decrease of solution pH, which can be attributed 
to the strong electrostatic attraction between the positively charged TiO2 particles and 
negatively charged sulfonate ion of orange II molecule. As shown in Figure 4.3, the 
zeta potential of pure P25 increased with decrease of solution pH. As a result, the 
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Figure 4.6 The effect of solution pH on photocatalytic degradation of orange II. 
Experiment condition: Co = 50 mg/l, catalyst dosage = 0.5 g/l, UV light intensity = 
180 w/m2. 
 
In addition to the adsorption, the subsequent photodegradation of orange II at 
different pH was also investigated. As shown in Figure 4.6, the maximum 
photoreaction rate for P25 occurred at pH 2.3 and the reaction rate fell steadily as pH 
increased. Due to the strong adsorption at low pH, the target pollutant was enriched at 
the active site of TiO2 surface and mass transfer resistance from bulk phase to catalyst 
surface was minimized, resulting in the enhancement of photoreaction. The 
photoreaction rate decreased steadily with pH increase since the adsorption was 
impeded at higher pH.  
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However, an unexpected photodegradation of orange II was still observed even at 
pH 9.3 although the reaction rate was low in comparison with the rate in pH 2.6, as 
shown in Figure 4.7.  












Figure 4.7. The photodegradation of orange II over P25. Experiment condition: C0 = 
30 mg/l, catalyst dosage = 0.5 g/l, solution pH = 9.30, UV light intensity = 260 w/m2. 
     
    For the heterogeneous catalysis reaction, the mass transfer from the bulk phase to 
the catalyst surface was regarded as a prerequisite step for the catalysis reaction. 
Nevertheless, at pH 9.3 the TiO2 surface was negatively charged and orange II could 
not approach the catalyst surface due to electrostatic repulsion. Since the 
photodegradation process occurred at high pH, it is reasonable to hypothesize that 
photo-induced electrons might diffuse into suspension from the catalyst surface for a 
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certain distance and then these electrons attacked and decomposed orange II 
molecules. As mentioned in section 2.1.4, the OH
•
 radical may diffuse away from its 
surface formation site and later react with an adsorbed or solution-phase molecule. 
Therefore, for the surface-generated free radicals, adsorption of the organic substrate 
would be an aid but not a requirement for reaction. Another plausible reason is that the 
orange II molecule randomly collides with TiO2 particles during mixing, and is 
decomposed by photo-induced radicals. The low photoreaction rate can be ascribed to 
the fact that a Coulombic repulsion between the negatively charged surface of TiO2 
and the hydroxide anions could prevent the formation of OH
•
 radical and thus 
decreases the photooxidation rate (Konstantinou and Albanis, 2004).   
4.2.3 Redispersion of TiO2 nanoparticles in aqueous phase by surface 
modification with polyelectrolyte 
    In addition to varying solution pH, another method, namely surface modification 
with polyelectrolyte, was also applied to reduced spontaneous aggregation and 
improve adsorption. Although a few studies have been carried out in this field the main 
interest was focused on the enhancement of adsorption by surface functionality. 
Therefore, in the present work both adsorption and subsequent photoreaction were 
investigated after TiO2 was modified by poly allylamine hydrochloride (PAH). For the 
modification of P25 by PAH, the pH of P25 aqueous slurry was first adjusted to 9.3 by 
addition of 1M NaOH and then the given amount of PAH was added into this 
suspension. Finally, the orange II was added into this suspension, followed by the dark 
adsorption and photocatalytic degradation process. 
    As shown in Figure 4.3 (curves c-g), the surface of modified P25 was positively 
charged in the pH range studied, which enhances the adsorption of orange II. 
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Interestingly, zeta potential was still positive even in basic environment, which might 
be useful for adsorption of pollutants at high pH. By increasing the concentration of 
PAH the zeta potential increased, which indicated that the P25 surface was not 
completely covered by PAH since the adsorption of PAH on P25 surface was mono-
layer adsorption. It is reasonable to conclude that this high zeta potential after 
modification could greatly reduce the particle aggregation, as shown in Figure 4.2 
(curve d). The mean particle size was reduced to 115 nm due to strong electrostatic 
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Figure 4.8 The adsorption of orange II on P25 at various PAH concentration. 
Experiment condition: Co = 30 mg/l, catalyst dosage = 0.15 g/l, solution pH = 6.5-8.5. 
 
Figure 4.8 showed the dependence of the adsorption of orange II on PAH modified 
P25 on the dosage of PAH. As expected, the modified P25 showed strong adsorption 
capacity in comparison with bare P25 due to electrostatic attraction. With increase of 
PAH concentration, there was a smooth improvement of adsorption. Therefore, it can 
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be concluded that the polyelectrolyte modification of TiO2 and solution pH changing 
are both effective ways to prevent particle aggregation and to enhance adsorption 
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Figure 4.9 The photocatalytic degradation of orange II by PAH modified P25. 
Experiment condition: Co = 30 mg/l, catalyst dosage = 0.15 mg/l, solution pH = 6.5-
8.5, UV light intensity = 260 w/m2. 
 
The effect of strong adsorption caused by PAH modification on photocatalytic 
activity was also investigated, as shown in Figure 4.9. Surprisingly, the photoreaction 
rate decreased with the increase of PAH concentration. In addition, all PAH modified 
P25 showed poorer photocatalytic activity in comparison with bare P25 although the 
former possessed stronger adsorption capacity than the latter. This result is inconsistent 
with the conclusion derived from the study of pH effect that the strong adsorption 
could accelerate the photoreaction rate. One plausible reason is that for the PAH 
modified catalysts the polymer layer attached on the catalyst surface might impede the 
migration of photo-induced electrons to target pollutants. After TiO2 is activated by 
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UV light the electrons move toward the catalyst interface while the PAH layer 
intercepts these electrons before they reach the contaminant adsorbed on the catalyst 
surface. As a result, the polymer layer is decomposed and the amount of electrons 
which participate in the real photodegradation of organic pollutants decreases. 
Subsequently, the overall photoreaction efficiency is lowered. This hypothesis was 
further confirmed by the zeta potential test shown in Figure 4.3 (see curve a). After 95 
min UV illumination without orange II, the zeta potential profile of PAH modified P25 
was similar with that of bare P25, which indicated that the PAH layer can be 




Figure 4.10 Schematic representation of the particle dispersion of TiO2 powder in 
various experiment conditions. 
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Figure 4.10 schematically depicts the particle dispersion of TiO2 powder in various 
experimental conditions. As abovementioned, the P25 surface was not completely 
modified by PAH, therefore another possible path for degradation of orange II by PAH 
modified P25 is that the photo-induced electrons might directly diffuse to adsorbed 
orange II molecule from the area which is not covered by PAH without passing 
through the PAH film. However, in the case of high PAH dosage the surface area is 
almost totally covered by PAH, therefore the transfer resistance of photo-induced 
electrons to orange II increases. The electrons need to cross through the PAH layer 
before reaching orange II molecule, resulting in the low photoreaction rate. Thus, the 
photoreaction rate for degradation of orange II over PAH modified P25 decreased with 
the increase of PAH concentration.  
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4.3 Summary 
(1) The spontaneous aggregation of TiO2 nanoparticles in aqueous phase is 
confirmed by evaluating the photoactivity of TiO2 particles at various catalyst 
dosages and by particle size examination. The particle aggregation will be 
detrimental to its photocatalytic activity due to decrease of surface area. 
(2) By varying the solution pH the zeta potential of TiO2 is changed and particle 
agglomeration is reduced because of electrostatic repulsion.  
(3) The strong adsorption is obtained at lower pH due to electrostatic attraction. In 
addition, the good adsorption accelerates photoreaction rate.  
(4) Although the enrichment of orange II on the TiO2 surface can not achieved at 
pH above pHpzc due to electrostatic repulsion, the photocatalytic degradation 
proceeds at low reaction rate. The photo-induced electrons might diffuse into 
solution and participate in photoreaction. 
(5) The modification of TiO2 by polyelectrolyte PAH can greatly abate particle 
aggregation and improve adsorption. However, the overall photocatalytic 
reaction efficiency decreases in comparison with bare TiO2 nanoparticles 
because the polymer layer impedes the migration of electrons to the target 
pollutants. 
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CHAPTER 5 
ADVANCED OXIDATION OF ORANGE II USING TiO2 
SUPPORTED ON POROUS ADSORBENTS: THE ROLE 
OF pH, H2O2 AND O3 
5.1 Introduction  
Heterogeneous photocatalysis using TiO2 as the photocatalyst is an emerging 
advanced oxidation process (AOP) for mineralization of the toxic and recalcitrant 
organic compounds due to its versatility and applicability under ambient conditions 
and longer wavelength of UV-A (Houas et al., 2001). Adsorption of target pollutants 
on the surface of TiO2 where the hole-electron pairs are generated can facilitate the 
photodegradation reaction. However, commercial TiO2 exhibits a low surface area (≈ 
50 m2/g) and poor adsorption capacity to non-polar organic compounds due to its polar 
surface.   
Strategies of enhancing the adsorption of pollutants on the TiO2 catalyst surface 
have been focused on the use of various porous solid supports, such as activated 
carbon (Yoneama and Torimoto, 2000; Araña et al., 2003; Ao and Lee, 2004), zeolite 
(Sampath et al., 1994; Xu and Langford, 1995; Xu and Langford, 1997), silica (Xu et 
al., 1999), clay (Ooka et al., 1999; Ooka et al., 2003), and alumina (Minero et al., 
1992; Anderson and Bard, 1997) to support TiO2. Our previous studies have shown the 
excellent performance of TiO2 supported on three types of adsorbents, namely MCM-
41, Al-pillared Montmorillonite and β–Zeolite in comparison with the unsupported 
TiO2 for both adsorption and photodegradation of various compounds such as orange 
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II and orange G in water and methyl ethyl ketone and trichloroethylene in air 
(Bhattacharyya et al., 2004; Puttamraju, 2004; Hu, 2005).  
Although the supported catalysts show an enhanced adsorption capacity compared 
to the unsupported TiO2, the overall photocatalytic activity is usually lowered in 
comparison with colloidal TiO2 particles because of the low surface-to-volume ratio 
and partial loss of the active surface sites of the photocatalyst during catalyst 
preparation (Haarstrick et al., 1996; Yu and Xu, 2007). Furthermore, most of the above 
studies reported good degradation of the parent compounds using supported catalyst, 
while the degree of mineralization was seldom presented.  Therefore, in the present 
work, the mineralization of organic pollutant by supported TiO2 catalysts was 
monitored. In addition, the hydrogen peroxide and ozone were also used as secondary 
oxidants during photodegradation of orange II to accelerate the photocatalytic process.  
Solution pH is an important factor influencing the physicochemical properties of the 
supported catalysts as mentioned earlier. However, the effect of pH on photocatalytic 
reaction kinetics is still very much unresolved. The interpretation of pH effects is a 
very difficult task because of its multiple roles. In the present work, the effect of pH on 
photocatalytic degradation of organic pollutants over supported TiO2 photocatalysts 
was also evaluated. 
5.2 Results and Discussion  
5.2.1 Characterization of the catalysts 
The previous study (Bhattacharyya et al., 2004; Puttamraju, 2004; Hu, 2005) 
indicated that the best photocatalytic degradation rate of the organics by TiO2 
supported catalysts occurred at TiO2 loadings of 50-60 wt %. Thus, in this work, both 
the adsorption and photodegradation experiments were conducted with a TiO2 loading 
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of 50 wt %, and only those characterization results related to 50 wt % TiO2 loading are 
presented here. X-ray powder diffraction analyses were performed to determine the 
crystallinity of the TiO2 on the supports (Figure 5.1). 
 














Figure 5.1 XRD spectra of synthesized catalysts and Degussa P25. (a) Degussa P25, 
(b) 50% TiO2-Montmorillonite, (c) 50% TiO2-MCM-41, and (d) 50% TiO2-β-Zeolite. 
 
The characteristic XRD peaks of anatase were observed at 2θ = 25.3 o for TiO2 
supported on MCM-41, β-Zeolite and Montmorillonite. Peaks corresponding to anatase 
TiO2 also appeared at 2θ = 37.8 o, 48.3 o, and 54.8 o and no significant rutile peak was 
observed at 2θ = 27.4 o. The average crystallite sizes were determined as 4.39 nm (50% 
TiO2-MCM-41), 4.42 nm (50% TiO2-Montmorillonite), 4.73 nm (50% TiO2-β-Zeolite) 
using the Scherrer’s equation using the broadening of the (101) anatase peak reflection. 
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The characteristic peaks of the pure supports were also observed from the XRD 
patterns of the supported catalysts, which indicated that the TiO2 coating on the surface 
of the adsorbent by sol-gel method did not change the structure of the supports.   
The pore volume and specific surface area were determined using nitrogen 
adsorption/desorption isotherm and multi-point BET analysis. Table 5.1 shows 
properties of the pure supports and TiO2 loaded on the adsorbents. 
 





Pore volume (cm3/g) 
Pure MCM-41 870 ± 10 0.71 ± 0.02 
Pure β-Zeolite 505 ± 11 0.95 ± 0.02 
Pure Montmorillonite 420 ± 7 0.64 ± 0.03 
50% TiO2-MCM-41 533 ± 7 0.40 ± 0.02 
50% TiO2-β-Zeolite 294 ± 10 0.31 ± 0.03 
50% TiO2 -Montmorillonite 275 ± 15 0.32 ± 0.04 
Degussa P25 50 - 
 
        After loading TiO2 on the supports, surface area and pore volume of all supported 
catalysts decreased compared to pure MCM-41, Montmorillonite and β-Zeolite as 
shown in Table 5.1.  After impregnation, titanium dioxide particles are deposited in the 
pore mouth of the supports and subsequently partially block the pores, resulting in the 
decrease of the pore volume and surface area. However, the synthesized catalysts still 
possess 5-10 times higher surface area than the unsupported Degussa P25.    
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Figure 5.2 Zeta potential of TiO2 supported on adsorbents and Degussa P25 suspended 
in pure water. 
 
    The electrical charge of the solid surface controls the surface property of the 
particles and greatly affects its adsorption behavior. Figure 5.2 shows the zeta 
potentials of 3 supported catalysts (50% TiO2–Montmorillonite, 50% TiO2–β-Zeolite 
and 50% TiO2–MCM-41) and Degussa P25 as a function of pH. As expected, the zeta 
potential was positive at low pH and decreased as the pH increased, and the catalyst 
suspensions are stable in both basic and acidic pH because of the electrostatic 
repulsion due to either positive or negative surface charges. The pHpzc (in the range 4-
5) of the synthesized catalysts are lower than those of the pure adsorbents 5.6 
(Montmorillonite), 6.6 (β-Zeolite) and 6.9 (MCM-41).  
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5.2.2 Dark adsorption of orange II  
The dark adsorption kinetics of orange II at different pH for the supported catalysts 
and unsupported TiO2 (Degussa P25) are presented in Figure 5.3A-D. 
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(a)pH=2.5, (b)pH=3.0, (c)pH=4.0, (d)pH=5.0, (e)pH=6.0, (f)pH=7.5
(D)
 
Figure 5.3 Dark adsorption of orange II by (A) 50% TiO2-Montmorillonite, (B) 50% 
TiO2-MCM-41, (C) 50% TiO2-β-Zeolite, and (D) Degussa P25 with amount of catalyst  
0.5 g/l and initial orange II concentration of 50 mg/l. 
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    For the photocatalyst synthesized by sol-gel method, the surface of supports was 
covered by TiO2 particles (active site). However, some part of support’s surface might 
be intact and these sites functioned as adsorption site but not as active site for 
photocatalytic reaction, therefore called non-active site. By lowering solution pH, the 
orange II molecules adsorbed both on active site and non-active site. All three 
supported catalysts exhibited greater adsorption over unsupported TiO2, although TiO2 
possessed greater polarity with higher zeta potential indicating the importance of 
increased surface area in adsorption. Interestingly, all three pure adsorbents (with high 
pHpzc) showed very little adsorption of orange II, indicating the importance of surface 
ionization as well. Although, 50% TiO2-Montmorrilonite had lower surface area than 
50% TiO2-MCM-41, it showed greater adsorption for orange II because of its layered 
crystalline structure, shape selectivity and both Brønsted and Lewis acidity, which 
derives mainly from the hydroxyl group in layered structure of the clay and metal 
oxide pillars, respectively (Ding et al., 2001). The acidic property of the interlayer 
space of clay is effective to improve the adsorption of anionic dye.  
As shown in Figure 5.3A-D, the dark adsorption of orange II by the supported 
catalysts depended strongly on pH. All supported catalysts as well as Degussa P25 
exhibited the similar pattern, i.e., very low adsorption of orange II at pH > pHzpc while 
a very high adsorption at pH < pHzpc. Strong dependence of adsorption capacity on pH 
can be attributed both to the surface ionization of the TiO2 particles in water and acidic 
nature of orange II, which is dissociated as negatively charged sulfonate ion. The 
following surface reactions for the supported catalysts are expected to occur at 
different pH: 
At pH < pHpzc :  TiOH  +  H+  Æ TiOH2+                             (2.15) 
At pH > pHpzc : TiOH + OH- Æ TiO- +  H2O                  (2.16)    
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5.2.3 Photocatalytic degradation of orange II 
Initially, control tests on orange II with pure adsorbents in the presence of 365 nm 
radiation show that there is no considerable photolysis of orange II and titanium is the 
only active site on which photooxidation takes place. The degradation of orange II 
followed zero-order and first-order kinetics with respect to orange II concentration in 
water on the supported catalysts and unsupported TiO2 (Degussa P25), respectively. 
The zero order kinetics for the supported catalysts indicates enrichment of orange II 
molecules on the catalyst surface. The zero and first order rate constants of orange II 
degradation at different pH using various catalysts are shown in Figure 5.4.  
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Figure 5.4 Photodegradation rate constants of orange II by supported and unsupported 
TiO2 at different pH with initial orange II concentration of 50 mg/l. 
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As shown in Figure 5.4, the optimum pH range for photodegradation of orange II by 
the supported catalysts was around 4-5 and the rate was very low at pH 2.5 despite 
strong adsorption. These results indicate that too strong adsorption is unfavorable 
possibly for two reasons: (i) poor migration of the adsorbed dye molecules on the 
surface (from the internal pores to the external surface), and (ii) ineffective activation 
of TiO2 due to the blockage of UV light by the large dye molecules (although no visual 
change of catalyst particles was seen). A similar result was also found by Takeda et al 
(1995) and Torimoto et al (1997) upon studying the photocatalytic degradation of 
organic pollutants over TiO2 supported on activated carbon. It was observed that the 
TiO2 catalysts supported on activated carbon possessed excellent adsorption capacity 
whereas it showed poor photocatalytic activity mainly due to the retardation of easy 
diffusion of the adsorbed pollutants. Therefore, a moderate affinity between catalyst 
surface and adsorbate is preferred in photocatalytic decomposition of organic 
chemicals.   
It is also possible that some intermediates (o-phthalate and 4-
hydroxybenzensulfonate) (Bhattacharyya et al., 2004; Park and Choi, 2003) formed 
during the photodegradation of orange II are also adsorbed on the surface strongly at 
low pH making the surface renewal difficult.  
In contrast, the maximum photodegradation for Degussa P25 occurred at pH 2.5 and 
fell steadily as pH increased. Degussa P25 being non-porous, the adsorbed orange II 
lies on the active sites of the catalyst surface, and diffusion from the pores to the 
surface active sites is not an issue during photodegradation. In addition, the 
recombination rate of the electron and holes is low at low pH (Konstantinou and 
Albanis, 2004). It is possible that some reactions may occur in solution due to the 
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diffusion of electrons from the active sites, and this process is probably easier for the 
unsupported TiO2 than the supported TiO2.  
At pH > pHPZC, low photocatalytic degradation rates for all the catalysts are 
probably due to lower adsorption and the electrostatic repulsion between the negatively 
charged catalyst surface and the hydroxyl radicals (Konstantinou and Albanis, 2004). 
These results indicate that although adsorption is prerequisite for photocatalytic 
degradation of the organic pollutants, very strong adsorption is detrimental for 
complete degradation (mineralization), which will be discussed in the following 
section. 
5.2.4  Total organic carbon (TOC) degradation  
Although the supported TiO2 catalysts showed good adsorption and photocatalytic 
decomposition of organic pollutants, the total mineralization of these contaminants can 
not be achieved in a reasonable time. In order to determine the extent of mineralization 
of orange II, TOC value of the solution was measured during the photodegradation.   
Figure 5.5 shows the TOC concentration with time for all the supported catalysts at 
pH 4-5, where the photodegradation rates are maximum while adsorption is at best 
moderate for all the supported catalysts.  It is also the natural pH range for all the 
supported catalysts when they are suspended in water. Immediately after equilibrium 
adsorption of orange II on the catalysts, TOC decreases significantly (much greater 
drop occurs at pH< pHPZC, not shown in the Figure 5.5). The TOC value increased 
slightly for all the supported catalysts immediately after the UV light was switched on 
due to the release or desorption of the some of the intermediates from the surface, 
while orange II was continuously depleted from the solution (shown in Figure 5.6), 
until the solution became completely colorless. 
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Figure 5.5 TOC concentration with time during dark adsorption and photodegradation 
of orange II by supported catalysts and Degussa P25. 
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Figure 5.6 Degradation of orange II and TOC removal as a function of illumination 
time over 50% TiO2-Montmorillonite. 
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The major intermediates formed during photodegradation of orange II are o-
phthalate and 4-hydroxybenzensulfonate (4-HBS) (Bhattacharyya et al., 2004; Park 
and Choi, 2003), which will be strongly adsorbed on the supported catalysts. Although, 
initial adsorption by the unsupported TiO2 was poor, it consistently remained 
photoactive, while TiO2-Montmorillonite showed a high initial decline in TOC 
followed by very little change with time. On a positive note, the degree of TOC 
removal was still higher for the TiO2-Montmorillonite than unsupported TiO2 up to 
120 minutes of radiation.  
Although plain TiO2 can mineralize orange II, the mineralization rate is quite slow 
In order to completely mineralize orange II and formed intermediates, the secondary 
oxidants were added during the photocatalytic oxidation process. Therefore some 
experiments were conducted in the presence of additional oxidants such as hydrogen 
peroxide and ozone to determine whether small addition of the oxidants can induce 
complete mineralization of orange II. This way, the strong adsorptive capacity of the 
supported catalysts can be combined with the oxidative capacity of additional hydroxyl 
radicals generated in the solution.  
As shown in Figure 5.5, the supported TiO2 photocatalysts showed good adsorption 
capacity and photocatalytic activity in degradation of parent organic pollutant (orange 
II) whereas the complete mineralization can not be accomplished. The degradation of 
the intermediates can be accomplished by adding additional oxidants such as ozone 
and hydrogen peroxide. The enhancement of photodegradation rate by the addition of 
hydrogen peroxide and ozone is attributed to two factors: First, both hydrogen 
peroxide and ozone act as electron acceptors to reduce the recombination rate of the 
photogenerated hole-electron pairs: 
                                                                           (5.1) −•− +→+ OHHOOHe 22
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−•− →+ 33 OeO                                                                                               (5.2) 
Second, ozone and hydrogen peroxide can enhance the generation rate of hydroxyl 
radicals (Alaton et al., 2002; Chu and Wong, 2004);  
•+−• →+ 33 HOHO                                                                                           (5.3) 
23 OHOHO +→ ••                                                                                          (5.4) 
In the following section, results based on 50% TiO2-Montmorillonite are presented, 
as it showed the best performance among all three supported catalysts for orange II 
degradation. The reaction rates of orange II and TOC degradation were found to 
increase with the addition of H2O2 at low dosages (Figure 5.7).  
H2O2 dosages (mol/l)


























Figure 5.7 TOC decay during photodegradation of orange II by TiO2-Montmorillonite 
at different H2O2 dosages with initial orange II concentration of 50 mg/l and 200 
minutes of illumination. 
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Although the energy of UV radiation used in the experiment is sufficient to split the 
O-O band of H2O2 molecules, this is not significant at wavelengths longer than 300 nm 
(Dionysiou et al., 2004). Thus, less than 10% orange II was degraded in presence of 
only H2O2 and UV without TiO2.  
    However, it was observed that photodegradation rates of both orange II and TOC 
decreased with the increase in hydrogen peroxide dosages, and in fact were inhibited at 
concentration 0.04 M H2O2. This is probably due to the following scavenging 
reactions:  
•• +→+ 2222 HOOHHOOH                                                                            (5.5) 
222 OOHHOHO +→+ ••                                                                                 (5.6)  
Addition of large amount of hydrogen peroxide in the feed solution will diminish the 
effectiveness of the process due to favorable inhibiting reactions that scavenge 
hydroxyl radical, as shown in Eqs 5.5 and 5.6. Similar results were also reported by 
other groups upon studying the effect of hydrogen peroxide on photocatalytic 
degradation of organic pollutants in the presence of TiO2 (Zhao et al., 1995; Haarstrick 
et al., 1996; Cornish et al., 2000). 
Monitoring H2O2 concentrations in solution in the presence of UV radiation 
indicates that competitive adsorption of hydrogen peroxide especially at higher 
dosages is also one of the reasons for the decrease of photocatalytic degradation rates 
(Cornish et al., 2000). 
Compared to hydrogen peroxide, ozone shows much better performance where 
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Figure 5.8 TOC degradation at different experimental conditions with ozone 
concentration of 0.5 ±0.1 mg/l and initial orange II concentration of 50 mg/l. 
 
This enhancement in mineralization rate is attributed to the strong oxidation ability 
of ozone. Ozone is a powerful oxidant and can react with many compounds via direct 
or indirect reactions. Electrophilic attack by ozone molecules may occur at atoms with 
a negative charge density or double/triple bonds, such as carbon-carbon in orange II 
molecule. On the other hand, ozone can also react with photo-generated electrons to 
form the free radicals which is a powerful and nonselective oxidant and can react with 
almost all organic compounds, as shown in Eqs 5.2-5.4. 
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5.3 Summary 
(1) The photocatalyst TiO2 supported on three adsorbents is synthesized by the sol-
gel method. The supported TiO2 catalysts possess 5-10 times higher surface 
area than the unsupported Degussa P25. 
(2) The solution pH plays a significant role in both dark adsorption and 
photodegradation of orange II. Although better adsorption of orange II is 
achieved only at low pH (below pHPZC), the maximum photodegradation rate 
occurs at pH range of 4-5 for all the supported catalysts and pH 2.5 for the 
unsupported TiO2 (Degussa P25).  Strong adsorption at low pH impedes mass 
transfer on catalyst surface and blocks UV light penetration to active sites. 
(3) Although the supported TiO2 catalysts show good photocatalytic activity for 
degradation of orange II, total mineralization can not be accomplished. The 
addition of hydrogen peroxide with optimum concentration could accelerate the 
mineralization process. However, excess hydrogen peroxide will be detrimental 
to the photocatalytic reaction since excessive hydrogen peroxide will scavenge 
the hydroxyl radicals. 
(4) The mineralization process can be greatly enhanced by addition of ozone.  
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CHAPTER 6 
CHARACTERIZATION AND PHOTOCATALYTIC 
PROPERTIES OF TITANIUM-CONTAINING 
MESOPOROUS SBA-15 
6.1 Introduction 
The discovery of TS-1 in the 1980s was a major breakthrough in the synthesis of 
titanium-containing zeolite materials (Taramasso et al., 1982). Since then extensive 
interest has focused on the impregnation of TiO2 species onto porous materials because 
the supported TiO2 photocatalysts possess larger surface area and show good 
adsorption capacity for target pollutants. Microporous supports, such as zeolite, 
activated carbon and Montmorillonite, are commonly used to support TiO2 
nanoparticles due to their huge specific surface area (SSA). However, the small pore 
size of these materials limits their applications in dealing with organic pollutants with 
large molecules.  
The availability of mesoporous materials such as MCM-41 (Kresge et al., 1992; 
Corma et al., 1994; Raimondi et al., 1999), MCM-48 (Rodrigues et al., 2005), HSM 
(Tanev et al., 1994) and SBA-15 (Newalkar et al., 2001; Zhang et al., 2002; Chen et 
al., 2004) broadens the applications of Ti-containing porous solids because of their 
high SSA, large pore size, and good stability. Among these mesoporous materials, 
SBA-15 is explored as the most promising material for photocatalysts supporting 
matrix due to its special structure. It is a mesoporous silica molecular sieve with 
uniform hexagonal channels ranging from 5 to 30 nm and thick framework walls (3.1-
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6.4 nm). In addition, it possesses thick walls and better hydrothermal stability 
compared with thinner-walled MCM-41 materials. Therefore, comprehensive studies 
on synthesis of titanium-containing SBA-15 (Ti-SBA-15) and evaluation of its 
photocatalytic activity have been reported.   
Incorporation of titania into mesoporous silica materials can proceed through two 
different techniques. The first involves co-precipitation of silica and titania via a sol-
gel method (also named direct synthesis method) in which the precursors of both 
structures are hydrolyzed simultaneously. For example, Newalkar et al. (2001) 
synthesized Ti-containing mesoporous SBA-15 materials under microwave 
hydrothermal synthesis conditions. It was observed that the materials did not present 
anatase TiO2 phase up to a Ti/Si ratio of about 0.05 in the synthesis gel. Zhang et al. 
(2002) synthesized Ti-substituted mesoporous SBA-15 in the presence of fluoride ions. 
The calcined products showed a high catalytic activity in the epoxidation of styrene. 
However, anatase phase started to appear when the molar ratio of Ti/Si in final product 
was above 0.01. Chen et al. (2004) synthesized titanium-substituted SBA-15 under 
conventional hydrothermal conditions by using titanium trichloride and tetraethyl 
orthosilicates as the titanium and silica sources, respectively. To obtain high-quality 
Ti-SBA-15 materials, the maximum ratio of Ti/Si in the initial gel was observed to be 
above 0.015. The template-free Ti-SBA-15 materials showed a high catalytic activity 
in the selective oxidation of styrene.  
However, most of the previous studies attempted to address how to avoid the 
formation of extra-framework TiO2 particles because framework Ti species are 
believed to be the active sites of oxidation reactions in the presence of H2O2. In the 
present work, we attempted to evaluate the photocatalytic properties of Ti-containing 
SBA-15 materials in the liquid phase. In addition, we addressed the fundamental 
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questions, including whether or not titanium ions in the silicate framework are active 
for photocatalysis in the aqueous phase, whether or not extra-framework titanium 
species are photoactive in the aqueous phase, and whether or not there is an optimized 
content of Ti in terms of photocatalytic activity in the aqueous phase. To answer these 
questions, Ti-containing mesoporous SBA-15 samples with various titanium loadings 
were synthesized under hydrothermal conditions using titanium isopropoxide and 
tetraethyl orthosilicate as the titanium and silica precursors, respectively. The obtained 
materials are denoted Ti-SBA-15(X), where X stands for the Ti/Si ratios in the final 
products determined by using inductively coupled plasma-atomic emission 
spectroscope (ICP-AES) technique. 
In addition to the direct synthesis method, titania incorporation might be achieved 
by “post-synthesis” grafting procedures involving reaction with a titanium precursor 
that is subsequently hydrolyzed on the silica surface. This procedure has been used 
successfully to attach titanium species onto the walls of mesoporous MCM-41 and 
SBA-15 (Luan et al., 1999; Luan and Kevan, 2001; Calleja et al., 2002; Wittmann et 
al., 2005). It has been suggested that the titanium complex is anchored to silanol 
groups and forms highly dispersed titanium sites after calcination. Therefore, in this 
thesis work, the titanium-containing SBA-15 materials were also synthesized by post-
synthesis method and denoted [Ti]-SBA-15(X), where X stands for the Ti/Si ratios in 
the final products determined by ICP-AES technique. The synthesized materials were 
characterized using various techniques. The photocatalytic properties of the materials 
prepared by both direct synthesis and grafting methods were evaluated by 
decomposition of orange II dye in the liquid phase using a semi-batch swirl flow 
reactor.  
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It should be noted that the main experimental work focused on the preparation and 
characterization of Ti-SBA-15 photocatalysts. Only pertinent experiment results about 
[Ti]-SBA-15 were presented here in order to study the influence of preparation method 
on its photocatalytic activity. 
6.2 Results and Discussion  
6.2.1 Characterization of photocatalysts 
The porous properties of the samples were investigated using physical adsorption of 
nitrogen at the liquid-nitrogen temperature on an automatic volumetric sorption 
analyzer. Figures 6.1 and 6.2 show the N2 adsorption/desorption isotherms and the 
pore size distribution of the representative Ti-SBA-15 samples synthesized in this 
work. 
 











































































Figure 6.2 The pore size distribution of Ti-SBA-15 samples and pure SBA-15. 
 
    All samples display a Type IV isotherm according to the IUPAC classification 
and exhibit an H1 hysteresis loop, indicating they are mesoporous solids (DE Boer et 
al., 1965). The chemical and physical properties of the samples are compiled in Table 
6.1. The BJH pore size distribution curves revealed an average pore size of about 8.8 
nm for the Ti-SBA-15 samples except for Ti-SBA-15(0.003), which was slightly larger 
than that of the pure-silica SBA-15 sample (8.0 nm). The observed increase in the 
mesopore size upon Ti substitution may be attributed to a decrease in pore wall 
thickness of the titanium-containing samples.  
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Table 6.1 Chemical and physical properties of different Ti-SBA-15 samples. 
 
 
Molar ratio of 
Ti/Si in 
synthesis gel 
Molar ratio of 








Pure-silica SBA-15 - - 676 0.88 8.0 
Ti-SBA-15(0.003) 0.017 0.003 759 1.08 8.0 
Ti-SBA-15(0.007) 0.013 0.007 821 1.11 8.8 
Ti-SBA-15(0.009) 0.025 0.009 866 1.12 8.8 
Ti-SBA-15(0.023) 0.020 0.023 897 1.12 8.8 
Ti-SBA-15(0.038) 0.033 0.038 885 1.11 8.8 
Ti-SBA-15(0.063) 0.050 0.063 842 1.10 8.8 
Ti-SBA-15(0.083) 0.067 0.083 828 1.11 8.8 
Ti-SBA-15(0.09) 0.074 0.09 849 1.08 8.7 
Ti-SBA-15(0.1) 0.083 0.10 866 1.13 8.8 
Ti-SBA-15(0.13) 0.10 0.13 847 1.07 8.8 
Ti-SBA-15(0.33) 0.20 0.33 827 1.05 8.8 
* Analyzed by using ICP-AES 
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    However, the pore size is independent of the content of titanium introduced into the 
samples, indicating that no titania is formed on the internal surface of the mesoporous 
samples. Therefore, the possible localization of any titania species would be in the 
framework and/or on the external surface of the SBA-15 particles. A good agreement 
of the textural properties such as specific surface area and pore volume of the Ti-SBA-
15 and pure-silica SBA-15 samples further reinforces the above conclusion. This 
observation is different from that observed on Ti-containing mesoporous materials 
prepared by using the post synthesis method, which led to a gradual decrease in the 
mesopore size as the titanium content was increased (Luan et al., 1999). 
Figure 6.3A shows the low angle XRD pattern of a representative Ti-SBA-15 
sample synthesized in this work. Three peaks corresponding to reflections of (100), 
(110) and (200) planes of a 2D hexagonal structure of SBA-15 can be seen, showing 
that introduction of titanium does not affect the formation of the hexagonal pore 
structure of SBA-15 (Vinu et al., 2005).  
    The high-angle XRD patterns (see Figure 6.3B) demonstrated that when the molar 
ratios of Ti/Si were equal or above 0.023, anatase phase began to appear because of the 
appearance of the peaks at 25.3, 37.8, 48.3, 54.8, and 63.4 degrees two theta, which are 
assigned to anatase phase of TiO2 (Jing et al., 2003). The XRD results clearly indicate 
that limited amount of Ti can be incorporated into the silicate framework of SBA-15 
under the experimental conditions. Increasing the Ti content in the synthesis gels 
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Figure 6.3 (A) Low angle XRD pattern of sample Ti-SBA-15(0.13), and (B) high angle 
XRD patterns of (a) pure-silica SBA-15, (b) Ti-SBA-15(0.009), (c) Ti-SBA-15(0.023), 
(d) Ti-SBA-15(0.09), (e) Ti-SBA-15(0.33), and (f) anatase TiO2. 
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    Figure 6.4 shows the 29Si MAS NMR spectra of the pure SBA-15 and Ti-SBA-
15(0.13) samples.  Three peaks centered at -91, -101, and -110 ppm were observed. 
According to Sindorf and Maciel (1982), the peak at -91 ppm corresponds to silicon 
atoms with two siloxane bonds and two silanol groups, (SiO)2*Si(OH)2(Q2), and 
similarly the resonance at -101 ppm is attributed to silicon atoms with three siloxane 
bonds and one silanol group, (SiO)3*SiOH(Q3), while the resonance at -110 ppm is 















Chemical Shift (ppm)  
Figure 6.4 29Si MAS NMR spectra of the pure SBA-15 and Ti-SBA-15(0.13). 
 
Compared with pure SBA-15, the intensity of Q2 and Q3 bands was substantially 
increased for Ti-SBA-15(0.13), indicating the alternation of Si nuclear symmetric and 
distortion of neighboring framework geometry. For Ti-SBA-15(0.13), the resonances 
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at -91 ppm and -101 ppm are attributed to not only Q2 and Q3 species, but also the 
(SiO)2Si(OH)XTi2-x (x = 0, 1) and (SiO)3SiTi species, respectively (Kang et al., 2004). 
Therefore, the result shows that titanium species are incorporated into the framework 
of SBA-15 even at high titanium content (Ti/Si =0.13). Although the XRD and UV-Vis 
test confirm that titanium species tend to appear as anatase phase at high titanium 
loading, the NMR analysis also supplies additional evidence that the titanium ions are 
located into framework of SBA-15 materials as well at high titanium loading.    
Figure 6.5 shows the UV-Vis diffuse reflectance spectra of the Ti-SBA-15 and pure 
silica SBA-15 samples. According to the literature (Berlini et al., 2000; Melero et al., 
2005; Zepeda et al., 2005), the existence of framework titanium is characterized by a 
band at about 210-230 nm for a tetrahedral Ti environment. Anatase TiO2 gives a band 
at 350 nm. As shown in Figure 6.5, the absorption band maximum was observed at 
about 215 nm for Ti-SBA-15 samples, and the band intensity was seen to increase 
monotonically with the increase in Ti/Si ratio. Such a band is usually used as direct 
proof of titanium atoms that have been incorporated into the framework of SBA-15 
silicate. Interestingly, a second absorption band maximum at about 310 nm was 
observed with increasing of titanium loading, which corresponds to the presence of 
extra-framework titanium species. The band near 310 nm represents a blue shift from 
the 350 nm band for anatase TiO2. Such a blue shift has been reported for dispersed 
TiO2 nanoparticles on silica (Luan and Kevan, 1997). These results further confirm the 
conclusion derived from the XRD data that titanium species are located in the 
framework of SBA-15 at a low Ti content, and partially dispersed as anatase TiO2 on 



































Figure 6.5  UV-Vis spectra of (a) pure silica SBA-15, (b) Ti-SBA-15(0.003), (c) Ti-
SBA-15(0.009), (d) Ti-SBA-15(0.023), (e) Ti-SBA-15(0.038), (f) Ti-SBA-15(0.33), 
and (g) anatase TiO2. 
 
    Figure 6.6 shows O (1s) XPS spectra of Ti-SBA-15 samples with various titanium 
loadings. Only one peak centered at 531.2 eV was seen on the pure SBA-15 and the 
Ti-SBA-15 samples with low titanium contents (Ti/Si = 0.003-0.009) (Figure 6.6 a-d), 
indicating that all titanium ions had been incorporated into the SBA-15 framework 
(Mukhopadhayay and Garofalini, 1990; Mohai et al., 1990).  
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Figure 6.6 O(1s) XPS spectra of Ti-SBA-15 with varying titanium loading 
corresponding to Ti/Si molar ratios of (a) 0, (b) 0.003, (c) 0.007, (d) 0.009, (e) 0.023, 
(f) 0.33, and (g) TiO2 anatase. 
     
    However, another peak at 528.4 eV can be seen on the rest of the Ti-SBA-15 
samples and the anatase TiO2 sample. The intensity of this peak increased with 
increasing the titanium loadings. One possible reason is that at higher loadings anatase 
titanium species are formed as a second phase and the ratio of anatase TiO2/ 
framework titanium ions increases. Therefore, this conclusion, combined with XRD, 
UV-Vis and NMR tests, confirms that titanium ions are successfully incorporated into 
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Figure 6.7 shows the FESEM images of pure SBA-15 and Ti-SBA-15 samples. It 
can be seen that the morphology of the SBA-15 remained after impregnation of 
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Figure 6.7 FESEM images of pure SBA-15 (a), Ti-SBA-15(0.038) (b), Ti-SBA-
15(0.09) (c), and Ti-SBA-15(0.13) (d). 
 
    In order to find out the localization and crystal size distribution of titanium species 
in Ti-SBA-15, TEM micrographs were collected (Figure 6.8). TEM micrographs, 
taken from the parent SBA-15 along two perpendicular directions, showed the 
 133
Chapter 6 Characterization and Photocatalytic Properties of Titanium-Containing 
Mesoporous SBA-15 
hexagonal straight pore with uniform pore size of 8 nm. In addition, the pore sizes 




















Figure 6.8 TEM images of (a) pure SBA-15, (b) Ti-SBA-15(0.009), (c) Ti-SBA-
15(0.09), and (d) Ti-SBA-15(0.13) (EDX analysis of the highlighted area showed a 
TiO2 content of 92 wt%). 
 
     As shown in the TEM images, the ordered mesostructure of the SBA-15 was kept 
unaffected by the incorporation of titania and there was no evidence of formation of 
anatase TiO2 either in the inner of mesopores or external surface at the molar ratio of 
Ti/Si =0.009. However, with the increase of titanium loading, some TiO2 clusters were 
observed on the external surface of SBA-15 and particle size increased with titanium 
content due to aggregation between the semiconductor particles (Figure 6.8 c and d). 
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The EXD analysis confirmed the existence of TiO2 nanoparticles on the external 
surface of SBA-15.  These results were consistent with BET test.   
A schematic diagram of the localization of titanium species is shown in Figure 6.9. 
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 titanium species located into  















Figure 6.9 Schematic representation of localization of titanium species in the silica 
structure. 
     
The amount of titanium in synthesized catalysts plays vitally important role in 
localization of titania in SBA-15. As shown in Figure 6.9, titanium ions are 
incorporated into the framework at low titanium loading and no bulk TiO2 is formed 
either within the pore or on the external surface. With increasing titanium content, the 
titanium ions are saturated in the framework and nanoparticles of TiO2 are produced 
and located on external surface. In this study, the Ti/Si molar ratio of 0.023 is a crucial 
point upon which the anatase TiO2 is formed and particle size of TiO2 increases with 
the titanium loading.   
 135
Chapter 6 Characterization and Photocatalytic Properties of Titanium-Containing 
Mesoporous SBA-15 
As mentioned in section 6.1, for comparison purpose the post synthesis method was 
also applied to prepare [Ti]-SBA-15 materials in which the TiO2 nanoparticles only 
attached onto the inner channel of SBA-15 mesopores. The physical properties of the 
[Ti]-SBA-15 samples are shown in Table 6.2. 
 
Table 6.2 Physical properties of different [Ti]-SBA-15 samples. 
 
 
BET surface area 
(m2/g) 




Pure-silica SBA-15 676 8.0 0.88 
[Ti]-SBA-15(0.08) 621 7.4 0.83 
[Ti]-SBA-15(0.32) 539 7.1 0.63 
[Ti]-SBA-15(0.44) 455 6.7 0.57 
[Ti]-SBA-15(0.57) 445 6.5 0.57 
[Ti]-SBA-15(0.91) 403 6.5 0.59 
 
As expected, the TiO2 nanoparticles deposited into the inner channel of SBA-15, 
resulting in the decrease of surface area and pore size as shown in Table 6.2. During 
preparation of [Ti]-SBA-15, the titania precursor can diffuse into the pores of the silica 
structure, enabling hydrolysis and titania crystallization within the mesopores. As a 
consequence, titanium dioxide particle sizes are limited by pore diameter of pure SBA-
15. With increasing TiO2 loading, larger fractions of the mesopores are filled with 
titanium dioxide particles, resulting in decreased pore volume and surface area. These 
observations are in accordance with those of other authors (Luan et al., 1999; Luan and 
Kevan, 2001; Wittmann et al., 2005). 
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6.2.2 Photocatalytic properties of titanium containing SBA-15 
     Photooxidation of orange II was used to evaluate the photocatalytic activity of the 
Ti-SBA-15 materials. First of all, tests on orange II with Ti-free SBA-15 and without 
catalysts showed that there was no auto-oxidation of orange II, confirming that 
titanium was the active site on which oxidation takes place. The effect of Ti content on 
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Figure 6.10 Photocatalytic decomposition of orange II by Ti-SBA-15 with varying 
titanium loading. Experiment condition: illumination time: 2 h, light intensity: 
120w/m2, catalyst amount: 1.25 g/l, initial concentration of orange II: 50 mg/l. 
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    All of the samples showed photocatalytic activity, and the orange II conversion 
depended on the Ti content in the Ti-SBA-15 materials. Ten percent of orange II was 
decomposed by Ti-SBA-15 even at very low Ti loading (0.54 wt %), which 
demonstrates that Ti (IV) in silicate framework is also active for the photocatalytic 
reaction (Ji et al., 2005). Furthermore, by increasing the Ti loading an enhancement of 
the conversion rate of orange II was observed, and the Ti-SBA-15(0.09) (Ti wt% = 
6.9) showed the highest photocatalytic efficiency. It should be noted that the anatase 
TiO2 particles were formed and located on the external surface, more accessible to the 
target substrate and UV light, with the increase of Ti/Si from 0.023. Therefore, the 
improvement of removal rate should be attributed to the formation of TiO2 particles on 
external surface.  
Interestingly, the removal rate of orange II decreased when the Ti/Si ratio increased 
from 0.091 to 0.333. This is due to the fact that titanium is not well-dispersed in the 
synthesized samples. It has been observed early that the samples had larger TiO2 
particles at higher Ti loading. Therefore, some part of titanium is buried under external 
surface and could not be activated by UV light during photoreaction. In addition, 
according to Zhang et al. (1998) the photocatalytic activity depended on the mean 
particle size since the size of nanocrystalline TiO2 could influence the dynamics of e-
/h+ recombination. In this study, the TiO2 species are located on the external surface, 
therefore there is no restriction from mesopore on particle size. It is expected that the 
TiO2 will aggregate and form larger clusters with the increase of Ti content. On this 
basis, a moderate titanium loading might produce the optimum photocatalytic activity 
for the orange II photooxidation with the catalysts developed in this work.  
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If the photodegradation rate was normalized by per gram Ti containing in 
synthesized catalysts, the Ti-SBA-15 materials showed better photocatalytic activity 
than commercial P25 Degussa. For example, the activity of Ti-SBA-15(0.09) was 2.05 
mg orange II/ min/g Ti, about 7 times higher than that of P25 (0.32 mg orange II/min/g 
Ti). This exceptional activity is attributed to the high specific surface area of Ti-SBA-
15 materials.  
The photocatalytic activity of [Ti]-SBA-15 materials was also evaluated and the 
result is shown in Figure 6.11. [Ti]-SBA-15 materials showed low photocatalytic 
activity in comparison with Ti-SBA-15 probably due to two reasons. First, the orange 
II molecule need to migrate into the mesopore of SBA-15 to react with free radicals 
since TiO2 particles are only available in pore channel. However, for Ti-SBA-15 the 
active sites are much easier to access since the TiO2 particles deposit on external 
surface. That is, the mass transfer resistance should not be negligible during designing 
the porous catalyst. Nevertheless, in the present study the pore size of [Ti]-SBA-15 is 
still large enough for orange II molecule to go through the pore channel. Therefore, the 
mass transfer resistance is not the main reason for the low photocatalytic activity of 
[Ti]-SBA-15. In addition to the mass transfer, another important reason is that large 
fraction of TiO2 particles is not accessible for UV light and thus cannot be activated 
during illumination because they are trapped into mesopore of SBA-15.  
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Figure 6.11 Photocatalytic decomposition of orange II by [Ti]-SBA-15 with varying 
titanium loading. Experiment condition: illumination time: 2 h, light intensity: 
120w/m2, catalyst amount: 1.25 g/l, initial concentration of orange II: 50 mg/l. 
 
Therefore, the direct synthesis is a superior method to synthesize catalysts Ti-SBA-
15 with high photocatalytic activity. Another advantage of this procedure is that there 
is no pore clogging of the mesoporous channels by the titanium dioxide crystals since 
the TiO2 particles are located on the external surface. It should be expected that this 
kind of catalyst possesses higher activity in photodegradation of larger molecules 
which can not transport into the mesopore compared with catalysts prepared by post 
synthesis method.   
The photoactivity test of Ti-SBA-15 and [Ti]-SBA-15 materials suggests that the 
external surface of porous supports is more useful than internal surface area since the 
former is easier to access for target pollutants and UV light. The difference between 
photooxidation process and normal solution oxidation is that activation of TiO2 
photocatalysts by photons is a prerequisite step for subsequent degradation process.  
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Therefore, TiO2 particles should be dispersed on the areas where the light and pollutant 
molecular can easily access. Upon this point, the support with larger external surface 
area, instead of internal surface area, is preferred for preparation of supported TiO2 
photocatalyst with high photocatalytic activity. Thus, in the next chapter the core/shell 
SiO2/TiO2 photocatalyst was investigated. 
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(1) The titanium containing SBA-15 is prepared by direct synthesis method with 
varying titanium loading and the results demonstrates that the titanium ion is 
successfully incorporated into framework of SBA-15. 
(2) TiO2 crystallites are formed and located on the external surface of SBA-15 with 
the increase of titanium loading (Ti/Si >0.023). In addition, the particle size of 
anatase TiO2 increases with titanium content. 
(3) The photoreaction confirms that titanium ion in the SBA-15 framework is also 
active for the photocatalytic reaction in water treatment. The highest 
photoactivity of Ti-SBA-15 is obtained when the molar ratio of Ti/Si is 0.09 
and the photocatalytic activity decreases with titanium content due to the 
aggregation of TiO2 particles. 
(4) [Ti]-SBA-15 materials prepared by post synthesis method show low 
photocatalytic activity in comparison with Ti-SBA-15 because of inefficient 
activation of TiO2 during UV illumination.  
(5) The external surface area of the support is more useful during photocatalytic 
reaction due to less mass transfer resistance and easy light accessibility. 
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CHAPTER 7 
PREPARATION AND CHARACTERIZATION OF 
SiO2/TiO2-Pt CORE/SHELL NANOSTRUCTURES AND 
EVALUATION OF THEIR PHOTOCATALYTIC 
ACTIVITY 
7.1 Introduction 
Recently, extensive interest has focused on the preparation of photocatalyst TiO2 
supported on various porous materials to enhance their photocatalytic activity. 
However, most of TiO2 catalysts supported on porous materials show poorer 
photoactivity in comparison with bare TiO2 particles although they possess large 
specific surface area, high pore volume and subsequently strong adsorption capacity 
toward organic pollutants. The low photocatalytic activity of supported TiO2 can be 
ascribed to the mass transfer resistance and UV light accessibility. For the supported 
TiO2 catalyst, TiO2 particles are dispersed on the adsorbent’s surface and/or channel 
and the adsorbed pollutant needs to migrate to the active site (TiO2 particles) from 
other sites. Therefore, the mass transfer resistance should be considered as an 
important factor in the photoreaction rate. In addition, the internal surface area of 
porous supports dominates the total surface area so that TiO2 nanoparticles are mainly 
dispersed in the internal surface (pore channel). As a result, those TiO2 particles are 
not active during photocatalytic reaction since the UV light can not reach those 
particles and activate them. Furthermore our previous work has confirmed that it is the 
external surface of the porous supports on which supported TiO2 is more effective in 
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photocatalytic decomposition of organic compounds. It turns out that a large portion of 
the TiO2 supported on the internal surface of the porous support shows poor 
photocatalytic activity. Therefore, in order to handle these problems, new interest 
focuses on the synthesis of supported TiO2 catalysts on non-porous materials, such as 
carbon fiber, carbon spheres, polystyrene, polyarylamide and silica spheres (Nagaoka 
et al., 2002; Yuan et al., 2005; Toyoda et al., 2003; Carpio et al., 2005; Strohm and 
Löbmann, 2005; Zhou et al., 2006; Wang et al., 2007; Liu et al., 2007). 
    Several strategies have been described for the deposition of TiO2 films on SiO2 
materials, including sol-gel (Bhattacharyya et al., 2004), chemical vapor deposition 
(CVD) (Ding et al., 2001; Kuo and Shueh, 2003; Jung et al., 2005; Zhang et al., 2006), 
and liquid phase deposition (LPD) methods (Koumoto et al., 1999; Pizem et al., 2002; 
Strohm and Löbmann, 2005). The sol-gel method is widely used to prepare supported 
catalysts. However, because of the fast hydrolysis rate of most titanium precursors in 
aqueous solution, it is fairly difficult to obtain TiO2 films of uniform thickness. The 
CVD method is effective for coating TiO2 on a substrate with a flat and smooth 
surface. However, it is ineffective to deposit TiO2 on a highly curved surface like the 
surface of microspheres. In contrast, the LPD method has been considered as a 
promising route to synthesize high-quality thin films with a well-controlled 
composition (Strohm and Löbmann, 2005). The distinguishing characteristic of the 
LPD is the use of metal-fluoride complexes whose hydrolysis in water is modulated by 
adding boric acid. The fluoride ligand provides a slower and more controllable 
hydrolysis rate while the boric acid functions as the F- scavenger (Pizem et al., 2002). 
Thus, one of the motivations in the present work is to use nonporous SiO2 submicron 
spheres to support TiO2 photocatalyst by the liquid-phase deposition (LPD) method. 
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In the present work, noble metals are also dispersed on SiO2/TiO2 core/shell 
catalysts to enhance their photocatalytic activity. It has been observed that noble 
metals, such as Pt (Yang et al., 2006), Au (Li and Zeng, 2006), and Pd (Yang et al., 
2006) dispersed on TiO2 nanoparticles can increase their photocatalytic activity. Such 
noble metals can trap photo-induced electrons, and subsequently increase the photo-
induced electron transfer rate at the interface (Hwang et al., 2003). On the other hand, 
the metals also provide catalytic sites to result in different mechanistic pathways from 
that on TiO2 alone (Kim and Choi, 2002; Hwang et al., 2003). The conventional 
impregnation method for oxide-supported metal catalysts normally results in an 
uneven loading and the metal particles are poly-dispersed (Li and Zeng, 2006). 
Therefore, the second motivation of the present work is thus to evenly deposit Pt 
particles on the SiO2/TiO2 core/shell nanostructure by self assembly method in order to 
improve the photocatalytic activity of synthesized catalysts.  
In addition to the photocatalytic activity, the possible cyclic usage of photocatalyst 
is another important issue for heterogeneous photocatalytic reaction. However, very 
few studies have focused on this issue. Therefore, in the present work, the catalyst 
recycle and reuse are also evaluated. 
7.2 Results and Discussion  
7.2.1 Characterization of the SiO2/TiO2 core/shell photocatalysts 
Figure 7.1 shows the Zeta potential profiles of the silica spheres at the different 
catalyst preparation stages. The sample with core/shell structure is denoted as TS-X-Y, 
where X and Y respectively stand for the average diameter in nm of the silica spheres 
and the thickness in nm of the titania film coated on the surface of the silica spheres 
estimated from scanning electron microscope technique.  
 145
Chapter 7 Preparation and Characterization of SiO2/TiO2-Pt Core/Shell 
Nanostructures and Evaluation of Their Photocatalytic Activity 





























Figure 7.1 Zeta potential profiles of the silica spheres at the different catalyst 
preparation stages. 
     
    As shown in Figure 7.1 (see curve a), the surface of the bare SiO2 spheres was 
negatively charged in the pH range studied before coating of a layer of PAH. However, 
the surface of the SiO2 spheres was positively charged after coating a layer of PAH 
(see curve d). The positively charged surface on the PAH-coated silica microspheres 
facilitated the subsequent deposition of the TiO2 shell by offering a strong electrostatic 
interaction. An obvious charge reversal was observed after the adsorption of [TiF6]2- 
anions on the PAH-functionalized silica spheres (see curve b). After adding H3BO3, 
the fluoride ions were scavenged by boric acid and the titanium species were converted 
into TiO2 (see curve c), as illustrated in Eqs. 7.1 and 7.2. 
 
 146
Chapter 7 Preparation and Characterization of SiO2/TiO2-Pt Core/Shell 
Nanostructures and Evaluation of Their Photocatalytic Activity 
 
+−− ++⇔+ HFTiOOHTiF 462 2226                                                               (7.1) 
OHBFHFBO 24
3
3 364 +→++ −+−−                                                                (7.2) 
 
It is reasonable to conclude that the first layer of the titania film is formed on the 
silica spheres due to electrostatic attraction between the PAH-functionalized silica 
spheres and [TiF6]2- anions. After the silica sphere surface is completely covered by 
TiO2, the electrostatic interaction disappears and the van der Waals interaction allows 
for a continuous film deposition on the surface of the silica spheres (Strohm and 
Löbmann, 2005). 
    Figure 7.2 shows the wide-angle XRD patterns of the silica spheres, sample TS-
1300-170, and Degussa P25. As expected, the silica microspheres displayed a 
featureless XRD pattern because of the amorphous nature of the silica. Both sample 
TS-1300-170 and P25 exhibited five characteristic peaks at 2θ = 25.3°, 37.8°, 48.3°, 
54.8°, and 63.4°, which are assigned to anatase-type titania (Jing et al., 2003). It is 
interesting to note that in comparison with conventional methods of preparing TiO2 
photocatalysts, which require high-temperature calcination to obtain anatase phase 
(Takeda et al., 1995; Coronado et al., 2003; Reddy et al., 2003), the preparation 
method described in this work allows direct formation of anatase phase without any 
high-temperature treatment.   
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Figure 7.2 Wide-angle X-ray diffraction patterns of (a) SiO2 spheres, (b) photocatalyst 
TS-1300-170, and (c) Degussa P25. 
 
Figure 7.3 shows the FESEM images of different silica spheres before and after 
TiO2 coating. The silica spheres synthesized in this work possessed uniform particle 
size (see Figure 7.3a and b). As shown in Figure 7.3c, without PHA modification, the 
TiO2 particles deposited on the surface of the silica spheres forming irregular TiO2 
patches instead of the uniform film, showing the essence of surface modification of the 
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Figure 7.3. FESEM images of synthesized silica spheres and TS particles: (a) 1.3 μm 
SiO2 spheres, (b) 0.8 μm SiO2 spheres, (c) synthesized TS materials without PAH 
surface modification, (d) synthesized TS materials under magnetically stirring, (e) and 
(f) TS-1300-170, (g) TS-1300-50, (h) TS-800-60. 
 
    As shown in Figure 7.3d, the synthesized catalysts tended to aggregate seriously 
without ultrasonication in synthesis process and only the external surface of these 
agglomerated large particles was covered by titania film. Therefore, all the samples in 
this study were synthesized under ultrasonication. With the assistance of a layer of 
polyelectrolyte PHA, a uniform titania shell with different thicknesses was obtained 
(Figures 3e and g), and this can be accomplished on silica spheres of different sizes 
(Figures 3g and h). As shown in Figure 3f, the TiO2 film consisted of TiO2 
nanoparticle with particle sizes in the range of 10-20 nm.  
In order to observe the microstructure of the TiO2 layer, sample TS-1700-170 was 
mechanically crushed to break up the TiO2 layer. As shown in Figure 7.4, the titania 
shell was separated from silica core after crushing. The smooth and uniform TiO2 shell 
was clearly seen.  
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Figure 7.4 FESEM images of crushed TS-1300-170. 
 
    Since only the external layer is utilized in photocatalytic reaction, effort was made 
to control the thickness of the titania shell in the present work. Figure 7.5 shows the 
dependence of TiO2 shell thickness on the concentration of the titanium precursor used 
in the LPD preparation. It can be seen that the thickness of titania shell increased with 
the concentration of (NH4)2TiF6 in LPD solution. Thus the thickness of TiO2 shell can 
be controlled by varying the titanium precursor concentration.  
 151
Chapter 7 Preparation and Characterization of SiO2/TiO2-Pt Core/Shell 
Nanostructures and Evaluation of Their Photocatalytic Activity 




















Concentration of [NH4]2TiF6 in LPD solution (M)
 
Figure 7.5. Dependence of TiO2 shell thickness on the concentration of (NH4)2TiF6 in 
LPD solution. 
 
7.2.2 Photocatalytic activity of the SiO2/TiO2 core/shell photocatalysts 
The photocatalytic properties of the core/shell SiO2/TiO2 catalysts were evaluated 
with regard to photooxidation of orange II and compared with that of Degussa P25 
photocatalyst. Figure 7.6 shows the photocatalytic properties of catalysts TS-1300-170, 
TS-800-60, and P25. It was seen that catalysts TS-1300-170 and TS-800-60 displayed 
a similar photocatalytic activity to that of Degussa P25. The slightly poorer 
photocatalytic performance of the former two catalysts than that of P25 may be due to 
their smaller specific surface area (as a result of larger particle sizes 1300 and 800 nm, 
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respectively) than the latter. Indeed, catalyst TS-800-60 showed a slightly better 
performance than catalyst TS-1300-170 because of the smaller particle size of the 
silica spheres used for TS-800-60. 
























Figure 7.6. Photocatalytic degradation of orange II by TS-1300-170, TS-800-60, and 
P25 Degussa. 
 
7.2.3  Reuse of the SiO2/TiO2 core/shell photocatalysts 
In addition to its photocatalytic performance, the decantation property (turbidity) of 
a photocatalyst for water treatment is another important factor in terms of the 
“practical efficiency” (Janus et al., 2004). Therefore, the turbidity of the liquid phase 
was measured after orange II had been completely decomposed.  
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Figure 7.7. The turbidity changing with time after photocatalytic reaction. 
 
Figure 7.7 shows the turbidity changes of the liquid phase as a function of time after 
the photocatalytic reaction. The turbidity of the liquid phase reaction system of catalyst 
TS-1300-170 dropped rapidly. In contrast, the turbidity of the liquid phase reaction 
system of catalyst P25 changed insignificantly within 200 min. These observations 
demonstrate that the core/shell SiO2/TiO2 photocatalyst can be easily separated from 
the reaction system simply by sedimentation while this is difficult to achieve when P25 
is used as a photocatalyst. As shown in Figure 7.8, within 150 min solid catalyst TS-
1300-170 precipitated, resulting in a clear solution on the top, and about 95% of TS-
1300-170 was recycled by subsequent decanting after deducting the catalyst lost due to 
sampling. 
 154
Chapter 7 Preparation and Characterization of SiO2/TiO2-Pt Core/Shell 






















Figure 7.8 Sedimentation test of solution containing catalysts P25 Degussa and TS-
1300-170 (a) T = 0 min and (b) T = 150 min. 
 
The photocatalytic activity of the recycled catalyst TS-1300-170 was evaluated 
again. As shown in Figure 7.9, the first-run recycled solid remained a good 
photocatalytic activity in spite of a slight decrease in activity compared with the fresh 
TS-1300-170 catalyst. With increasing the runs of recycling, the photocatalytic activity 
of recycled TS-1300-170 began to decrease quickly. This decrease may be due to the 
adsorption of some organic intermediates on the catalyst surface, which were formed 
in photocatalytic degradation of orange II. The element analysis for the recycled 
photocatalyst confirmed the presence of carbon on the surface of recycled TS-1300-
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170 photocatalyst. After four runs of recycling, the recovered solid remained less than 
50% photoactivity compared with the fresh catalyst.  
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Figure 7.9 Photocatalytic degradation of orange II by fresh TS-1300-170 (a), 1st 
recycled TS-1300-170 (b), 2nd recycled TS-1300-170 (c), 3rd recycled TS-1300-170 
(d), and 4th recycled TS-1300-170 (e). 
 
7.2.4  Characterization of the SiO2/TiO2-Pt photocatalysts 
Although the SiO2/TiO2 core/shell photocatalysts can be separated from reaction 
media simply by sedimentation, their photocatalytic activities is lower than that of bare 
TiO2 nanoparticles. Therefore, the Pt nanoparticles were evenly dispersed on TiO2 
shell to enhance their photoactivities.  
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Figure 7.10 XRD patterns of (a) SiO2 spheres, (b) SiO2/TiO2 core/shell, (c) SiO2/TiO2-
Pt catalyst, and (d) Degussa P25. 
 
Figure 7.10 shows the wide-angle XRD patterns of the silica spheres, SiO2/TiO2, 
SiO2/TiO2-Pt, and Degussa P25. As expected, the silica microspheres displayed a 
featureless XRD pattern because of the amorphous nature of silica. Samples 
SiO2/TiO2, SiO2/TiO2-Pt, and P25 exhibited two characteristic peaks at 2θ = 25.3 and 
48.1°, which are assigned to anatase-type titania. The characteristic peaks of Pt0 
(JCPDS, 4-0802) were observed at 2θ = 39.7, 46.2, 67.5, and 81.3° on sample 
SiO2/TiO2-Pt, confirming the presence of crystalline Pt0 phase.   
Figure 7.11 shows the FESEM images of SiO2 spheres and the synthesized catalysts. 
Figures 7.11g-i show the general morphology of photocatalyst SiO2/TiO2-Pt prepared 
in this study. It can be seen that Pt nanoparticles with sizes in the range of 5-10 nm 
were uniformly coated on the surface of the TiO2 shell. 
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Figure 7.11 FESEM images of synthesized silica spheres and catalysts: (a) and (b) 
SiO2 spheres, (c)-(f) SiO2/TiO2, (g)-(i) SiO2/TiO2-Pt, (j) EDX analysis of SiO2/TiO2-Pt 
(Pt wt% = 5%), (k) 6th reused SiO2/TiO2-Pt, and (l) EDX analysis of SiO2/TiO2-Pt after 
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    The relatively uniformly sized Pt nanoparticles can be primarily attributed to the 
presence of bifunctional groups in MPA molecules. The carboxyl groups of MPA 
adsorbed on the TiO2 surface while its thiol functionality contacted with Pt 
nanoparticles (Li and Zeng, 2006). Therefore, with this method the dimension and 
density of Pt nanoparticles on TiO2 shell can be controlled precisely since the size and 
amount of Pt particles are controllable during the preparation. The EDX analysis 
confirmed the presence of Pt particles (Figure 7.11j). As shown in Figure 7.11k, the Pt 
nanoparticles still attached on the TiO2 shell after 6 runs of photocatalytic reaction and 
the Pt content in the catalyst was not changed significantly, indicating a strong 
interaction between the Pt nanoparticles and the TiO2 shell.  
Figure 7.12 shows the TEM images of samples SiO2/TiO2 and SiO2/TiO2-Pt. The 
core/shell structure of sample SiO2/TiO2 was clearly seen from Figures 7.12a and d. 
The average thickness of the TiO2 shell was estimated to be in the range of 75 – 90 nm, 
further confirming the FESEM data. It is again seen that the Pt nanoparticles with 
diameters in the range of 7 - 15 nm were uniformly coated on the surface of the TiO2 
shell (see Figures 7.12b and c).  The TEM images in Figures 7.12b and c were taken at 
the edge of spherical particles since the size of the catalyst particles was too large to be 
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Figure 7.12 TEM images of SiO2/TiO2 (a and b) and SiO2/TiO2-Pt (c and d). 
 
Surface information on the Pt nanoparticles was characterized using XPS technique. 
Figure 7.13 shows the XPS spectra of the Pt (4f) core-level electrons of catalyst 
SiO2/TiO2-Pt samples. The Pt (4f7/2,5/2) peaks in SiO2/TiO2-Pt were deconvoluted into 
two sets of spin-orbit doublet. Therefore, Pt (4f7/2,5/2) peaks at 71.2, 74.5 and 72.6, 75.7 
eV are assigned to Pt meal and PtO, respectively (Shyu and Otto, 1989; Bera et al., 
2003; Lee and Choi, 2005). The calculated contents of different Pt states for the 
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Figure 7.13 XPS spectra of (a) fresh catalyst TiO2/SiO2-Pt and (b) after reuse for 2 
runs. 
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Table 7.1 Binding energy and relative intensities of different SiO2/TiO2-Pt catalysts as 
calculated from Pt (4f) XPS spectra. 
 
Catalyst Species 














    The fresh SiO2/TiO2-Pt catalyst contained both Pt0 and PtO because of the 
calcination step in catalyst preparation. Interestingly, the content of metal Pt increased 
after reuse in comparison with the fresh catalyst, which is indicative of the reduction of 
the PtO phase during the photoreaction, most probably by the electrons produced from 
TiO2 under UV illumination since such electrons have a strong reductive capacity. A 
similar valence change from PtII to Pt0 has also been observed over a Pt/TiO2 catalyst 
for photodegradation of trichloroethylene (Lee and Choi, 2005). It should be noted that 
the PtO phase in the catalyst is amorphous because only characteristic peaks of metal 
Pt were seen from the XRD patterns (see Figure 7.10).  
7.2.5  Photocatalytic activity evaluation of SiO2/TiO2-Pt photocatalyst  
The photocatalytic properties of the SiO2/TiO2-Pt catalysts and P25 Degussa are 
shown in Figure 7.14. As shown in Figure 7.14, the fresh SiO2/TiO2-Pt catalyst without 
calcination showed poor photocatalytic activity. After calcination, the color of the 
fresh catalyst was changed from yellow to gray and its photoactivity was improved 
greatly.  
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Figure 7.14 Photocatalytic activity test of synthesized materials and P25 Degussa with 
initial concentration of orange II 30 mg/l. 
 
In comparison with SiO2/TiO2 catalyst, the enhanced photoactivity of SiO2/TiO2-Pt 
catalyst is attributed to the presence of Pt nanoparticles, which increases the photo-
induced electron transfer rate at the interface (Hwang et al., 2003). The SiO2/TiO2-Pt 
catalyst displayed a comparable photocatalytic activity in comparison with Degussa 
P25. In addition to its photocatalytic activity, the turbidity of the liquid phase was 
monitored after orange II had been completely decomposed. Figure 7.15 shows the 
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Figure 7.15 The turbidity changing of solution with time after photocatalytic reaction. 
 
The turbidity of the solution containing catalyst SiO2/TiO2-Pt dropped rapidly. 
Catalyst SiO2/TiO2-Pt precipitated completely within 4 h, resulting in a clear solution 
on the top (see Figure 7.16). About 95% of SiO2/TiO2-Pt was recycled by subsequent 
decanting. In contrast, the turbidity of P25 Degussa solution changed insignificantly in 
3 h. These observations suggest that the SiO2/TiO2-Pt photocatalyst can be easily 
separated from the reaction system by sedimentation. However, it is difficult to 
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Figure 7.16 Sedimentation test of solution containing catalysts P25 Degussa and 
SiO2/TiO2-Pt, (a) T = 0 h and (b) T = 4h. 
 
The degradation of orange II by SiO2/TiO2-Pt and P25 catalysts followed first-order 
kinetics with respect to orange II concentration in water. The first order rate constants 
of orange II degradation using various catalysts are shown in Figure 7.17. 
Interestingly, the photoactivity of SiO2/TiO2-Pt catalyst reached a maximum after 2 
runs. The enhancement of photocatalytic activity with repeated use for 2 runs is 
ascribed to the reduction of PtII to Pt0 during photoreaction as observed from the XPS 
spectra. It has also been reported that Pt0/TiO2 is generally more active than Ptox/TiO2 
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(Lee and Choi, 2005). Therefore, the reused SiO2/TiO2-Pt catalyst showed greatly 
improved photocatalytic activity, exactly as shown in Figure 7.17.  
 

























Runs of recycling  
Figure 7.17 Photodegradation rate constants of P25, fresh and recycled SiO2/TiO2-Pt 
catalysts. 
 
Thus, the fact that the SiO2/TiO2-Pt catalysts with high photocatalytic activity can be 
easily recovered by sedimentation will greatly promote their applications in 
environmental pollutants cleaning up. The recycled SiO2/TiO2-Pt catalyst showed poor 
photoactivity after 4 runs of recycling compared to fresh catalyst, which is ascribed to 
the adsorbed intermediates on catalyst surface. The EDX test showed that the content 
of carbon in catalysts increased to 5% after 6 runs of recycling (see Figure 7.11L), 
which confirms the adsorption of intermediates on catalysts surface (Bhattacharyya et 
al., 2004). These intermediates attach to the Pt and TiO2 particles, consequently 
decreasing the photocatalytic activity. The used catalyst was regenerated by calcination 
at 500 ºC for 3 h and 80% of initial photoactivity was recovered. The possible reason 
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for the decrease of photoactivity is that the Pt0 was oxidized into PtO during 
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7.3 Summary 
(1) A new method of preparing SiO2/TiO2 core/shell photocatalyst by liquid phase 
deposition method is presented and the uniform shell of TiO2 is observed on 
SiO2 core. In addition, the thickness of TiO2 shell can be controlled by varying 
the concentration of titanium precursor in the LPD solution. The 
polyelectrolyte modification of silica spheres is a prerequisite to form the 
uniform TiO2 shell on silica core. 
(2) The synthesized catalysts possess photocatalytic activity without heat 
treatment. The TS-1300-170 catalyst shows only slightly poorer photocatalytic 
activity in comparison with P25 Degussa while it can be easily separated from 
reaction medium after photocatalysis. 
(3) Monodisperse Pt nanoparticles are coated on SiO2/TiO2 core/shell catalysts by 
self assembly method in order to enhance their photocatalytic activities. 
(4) The fresh SiO2/TiO2-Pt catalyst displays a similar photocatalytic activity to that 
of Degussa P25 while its photoactivity is improved during reuse due to the Pt 
oxidation state changing within photoreaction. 
(5) The SiO2/TiO2-Pt catalysts are easier to be separated from reaction medium 
after photocatalysis in comparison with P25 Degussa. Therefore, the catalyst 
described in this work is a promising catalyst for practical applications in 
treating wastewater. 
Chapter 8 Conclusions and Recommendations    
CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
    Photocatalytic degradation of organic pollutants using TiO2 supported on adsorbents 
is a promising and potential technique for the treatment of waste streams. The subject 
of this thesis work is to enhance the photocatalytic activity of TiO2 catalyst by 
impregnating TiO2 nanoparticles onto porous and nonporous materials. 
In this thesis particles dispersion in aqueous phase was studied and the effect of 
spontaneous aggregation on photocatalytic activity of TiO2 nanoparticles was 
evaluated. Two strategies, varying solution pH and surface modification by 
polyelectrolyte, were applied to prevent particle aggregation. Photocatalytic efficiency 
of supported TiO2 catalyst on porous and nonporous materials was compared with that 
of commercially available Degussa-P25 catalyst using orange II as model compound. 
In addition, Pt nanoparticles were evenly dispersed on TiO2 surface to improve its 
photocatalytic activity. Furthermore, the issues of catalyst separation and possible 
reuse were also discussed. The conclusions that have been drawn from this thesis work 
are summarized below. 
• The spontaneous aggregation of TiO2 nanoparticles in aqueous phase was 
observed and the high concentration of particle in suspension could promote 
this aggregation. By varying the solution pH the zeta potential of TiO2 was 
changed and particle agglomeration was inhibited because of electrostatic 
repulsion. Strong adsorption was obtained at lower pH due to electrostatic 
attraction and subsequently accelerated photoreaction rate. The modification of 
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TiO2 by polyelectrolyte PAH can greatly abate particle aggregation and 
improve adsorption. However, the overall photocatalytic reaction efficiency 
decreased in comparison with bare TiO2 nanoparticles because the polymer 
layer impeded the migration of electrons to the target pollutants. 
• TiO2 supported on MCM-41, Montmorillonite and β–Zeolite was synthesized 
by sol-gel method. The supported TiO2 photocatalysts possessed 5-10 times 
higher surface area than the unsupported Degussa P25. The solution pH played 
a significant role in both dark adsorption and photodegradation of orange II.  
Although better adsorption of orange II was achieved only at low pH (below 
pHPZC), the maximum photodegradation rate occurred at pH range of 4-5 for all 
the supported catalysts and pH 2.5 for the unsupported TiO2 (Degussa P25).  
Strong adsorption at low pH impeded mass transfer on catalyst surface and 
blocked UV light penetration to active sites. The addition of hydrogen peroxide 
with optimum concentration and ozone could accelerate the mineralization 
process. 
• The titanium containing SBA-15 (Ti-SBA-15) was prepared by direct synthesis 
method with varying titanium loading and the results demonstrated that the 
titanium ions were successfully incorporated into framework of SBA-15. TiO2 
crystallites were formed and locate on the external surface of SBA-15 with the 
increase of titanium loading (Ti/Si >0.023). In addition, the particle size of 
anatase TiO2 increased with titanium content. The photoreaction confirmed that 
titanium ions in the SBA-15 framework were also active for the photocatalytic 
reaction in water treatment. The highest photoactivity of Ti-SBA-15 was 
obtained when the molar ratio of Ti/Si was 0.09 and the photocatalytic activity 
decreased with titanium content due to the aggregation of TiO2 particles. The 
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external surface of adsorbents was more useful for photocatalytic reaction due 
to easy light accessibility and less mass transfer resistance. 
• A new method of preparing SiO2/TiO2 core/shell photocatalyst by liquid phase 
deposition (LPD) method was presented and the uniform shell of TiO2 was 
observed on SiO2 core. In addition, the thickness of TiO2 shell can be 
controlled by varying the concentration of titanium precursor in LPD solution. 
The polyelectrolyte modification of silica spheres was prerequisite to form the 
uniform TiO2 shell on silica core. The synthesized catalysts showed only 
slightly poorer photocatalytic activity in comparison with P25 Degussa while it 
was easily separated from reaction medium after photocatalysis. Pt 
nanoparticles were evenly dispersed on SiO2/TiO2 core/shell catalysts by self 
assembly method in order to enhance their photocatalytic activity. The fresh 
SiO2/TiO2-Pt catalyst displayed a similar photocatalytic activity to that of 
Degussa P25 while its photoactivity was improved during reuse due to the Pt 
oxidation state changing within photoreaction. 
8.2  Recommendations 
The present work suggests that the supported TiO2 photocatalysts show quite 
promising results for the degradation of organic pollutants. High external surface area 
of the adsorbent plays a significant role improving adsorption as well as overall 
photocatalytic degradation. In addition, the easy separation from reaction media is 
another vital advantage of supported TiO2 photocatalyst over TiO2 nanopowder. 
However, the photocatalytic activity of supported catalysts is usually poorer than that 
of the TiO2 nanoparticles. Furthermore, complete mineralization of the pollutants may 
be difficult to be obtained at reasonable rate using the supported catalysts. Therefore, 
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much work is still need to be conducted to make the process viable and efficient for 
commercial utilization. Some recommendations are proposed in following section: 
• The low photocatalytic activity of TiO2 photocatalyst is mainly due to the high 
recombination rate of photo-induced electron and hole. Therefore, appropriate 
materials, such as Ag, Au, and SnO2, can be utilized as carrier to synthesize 
supported catalyst since these kinds of materials can efficiently separate electron-
hole pairs. However, from a practical point of view the synthesis procedure and 
cost should be taken into account during designing supported TiO2 photocatalyst. 
• Catalyst separation and reuse are the two important issues for its practical 
application. In present thesis work, the catalyst separation by sedimentation is 
studied. As mentioned in Chapter 2, the separation in presence of magnetic field 
is another promising method to recycle catalyst from reaction media. For this 
strategy, the preparation of magnetic TiO2 photocatalyst is the key issue because 
the synthesized catalyst not only possesses good magnetic property to facilitate 
separation by applied magnetic field but also remains excellent photocatalytic 
activity. In addition, the magnetic property of such photocatalyst should not be 
tampered by the regeneration of used catalyst. 
• Although the utilization of TiO2 semiconductor as a photocatalyst has recently 
attracted a great deal of attention, it can only absorb and utilize ultraviolet (UV) 
light shorter than 400 nm, which limits its further use in the visible light region. 
To utilize more efficiently the solar energy, great efforts have been made to the 
design of photocatalysts that can operate under visible-light irradiation, in which 
modification of the electronic structure of the photocatalyst is indispensable. For 
an ideal photocatalyst, it should be active under solar light irradiation and can be 
reused with good separation capacity. Therefore, the modification of the 
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electronic structure of supported TiO2 catalyst might be a promising project. The 
following three approaches should be considered to control the electronic 
structure of semiconductor photocatalysts: (i) modification of the electronic 
structure by a metal ion implantation or metal doping; (ii) formation of a new 
valence band instead of O 2p by the addition of proper atoms; and (iii) design 
and modification of the band structure by the formation of solid solutions. In 
addition, a simple and interesting approach to extend the photocatalyst absorption 
toward visible region is the photosensitization by an appropriate dye. 
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